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Abstract

Abstract

The rapid development of product miniaturization has promoted significant
research in the field of micro-forming. However wrinkles and folds in the flange and
cup wall, tear in the corner radius, and earing on the cup edge were often observed in
a micro deep drawing process. Results of a deep drawing process have indicated that
a reduction of the cup wall thickness always appears at the cup corner radius, and the
cup edge thickenning compared to the initial blank thickness made it difficult to eject
a cup. Generally tear began to occur at the cup corner radius.
This thesis aims to investigate the micro deep drawing of Aluminium AA1235 of
thicknesses 130 to 300 µm. The above issues of cup drawing discussed above have
been considered in the experiments which are supported by a three-dimensional (3D)
FEM simulation. The mechanical properties and microstructure of AA1235 have
been characterized by tensile tests, EBSD/SEM and TEM for a number of processes
such as fully annealed, four and six cycles accumulative roll bonding (ARB),
combined asymmetric rolling (AR) with ARB and heat treatment after ARB and AR
process. Under these conditions, the effects of anisotropy and grain size have been
considered. Tensile tests have been carried out for annealed AA1235 as well as ARB
processed sample with thicknesses from 16 to 300 microns to account for the size
effect in the forming operation.
The investigation specifically focus on the issues that affect the product quality
such as: wrinkling, tearing, earing, size effect, heat treatment, anisotropy, grain size,
die and punch corner radii, blank thickness, and clearance.
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Abstract

Another focus of investigation is on the deep drawing of materials processed by
conditions such as: fully annealed, four-cycle ARB process and subsequent stress
relieved, combined six cycles ARB process and AR. A safe region for micro deep
drawing has been mapped out, based on the forming limit diagram (FLD).
A 3D FEM simulation model, fully validated by experiment, has been set up to
quantify the effects of different deep drawing variables on the quality of the products
such as wrinkles. Simulation results without wrinkles have already been obtained
with blank thickness of 300 µm and diameter of 14 and 15 mm. Wrinkles began to
appear at the cup edge to the blank thickness of 150 µm, and the more wrinkles to the
blank thickness of 70 µm.
Results from the experiment and simulation have shown that the use of a bulged
punch for the first time with a profiled shape between two diameters offers
advantages such as; (1) prevent the formation of wrinkles, (2) reduce the occurrence
of earing, (3) increase the cup wall thickness in the area of the cup corner radius and
hence less tear, and (4) reduce the cup edge thickness.
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Chapter 1 Introduction

The rapid development of product miniaturization has promoted a significant
research in the field of micro-forming, especially in the production of micro parts to
reduce the weight and volume of the product [1].
Wrinkle and folding in the flange and cup wall [2], tearing in the corner radius,
and earing on the cup edge [3] are often found in a micro deep drawing process.
Earings on the cup edge have been attributed to anisotropy. Various attempts to
minimize wrinkles have been made by many researchers. However results of a deep
drawing process have indicated that a reduction of the cup wall thickness always
appears at the cup corner radius, and the cup edge thickened compared to the initial
blank thickness. Generally tears begin to occur at the punch corner radius. The
current difficulty of ejecting a cup is due to the thickening of the cup edge. Reported
problems ejecting the cup can be attributed to the presence of earing [4].
In this thesis, Aluminium AA1235 of thicknesses 130 to 300 µm has been used to
form cups by micro deep drawing. Various issues discussed above will be considered
in the experiments which are supported by a three-dimensional (3D) FEM
simulation. The mechanical properties and microstructure of AA1235 have been
characterized through tensile tests, EBSD/SEM and TEM for a number of processes
such as full annealing, four and six cycles accumulative roll bonding (ARB),
combined asymmetric rolling (AR) with ARB and heat treatment after ARB and AR
process. Under these conditions, the effects of anisotropy on earing have been
accounted for in the experiment, but were not considered in the simulation. Tensile
tests have been carried out for annealed AA1235 as well as ARB processed sample
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with thicknesses from 16 to 300 microns to account for the size effect in the forming
operation. Friction in the process has been selected when the punch force from the
simulation matches with the measured value.
The objectives of the micro deep drawing research are to produce that the cups
product: without wrinkles, to reduce the earing, to increase the cup corner thickness,
and to reduce the wall top edge thickness.
Results obtained in this study have shown that the use of a bulged punch with a
profiled shape between two diameters offers advantages such as; (1) preventing the
formation of wrinkles, (2) reducing the occurrence of earing, (3) increasing the cup
wall thickness in an area of the punch corner radius, and (4) significantly reducing
the cup edge thickness.
This thesis consists of 7 chapters; Chapter 1 outlines the overall framework of the
thesis and scope of the research.
Chapter 2 presents a brief overview of the micro-forming, micro cup drawing,
ARB, AR, tensile testing, anisotropy of materials, and the simulation of deep
drawing process. In micro cup drawing, the discussion will specifically focus on the
issues of wrinkling, tearing, earing, size effect, heat treatment, open/close lubricant
pocket, effect of die and punch corner radii, blank holder pressure, blank thickness,
and clearance.
Chapter 3 describes the experimental procedures and testing equipment for
characterisation.
Chapter 4 presents the results of rolling processes ARB and AR. It discusses ARB
processes for four cycles and six cycles, AR associated with speed ratio, anisotropy,
grain size, thickness reduction, and TEM images.
2
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Chapter 5 focuses on the results and discussion of deep drawing processes for
materials on conditions such as: as-received (As-R), fully annealed, four cycles ARB
process and subsequent stress relief, combined six cycles ARB process, AR and
stress relief. As a result the forming limit diagram (FLD) for safe cup forming was
formulated. The benefits of the bulged punch on wrinkling elimination were
demonstrated.
Chapter 6 presents the 3D FEM simulation of deep drawing processes for
materials prepared by different bulk forming processes. Simulation results without
wrinkles have been obtained with blank thickness of 300 µm and diameter of 14 and
15 mm. Wrinkles begin to appear at the cup edge to the blank thickness of 150 µm,
and the more wrinkles to the blank thickness of 70 µm. Moreover the chapter
discusses (i) validation of the simulation models with experiment results, (ii) the
effect of the punch corner radius, the die corner radius and the friction on punch
force, and (iii) the effect of the clearance to the wrinkles. The correlation between
simulation and experiment in the thesis is demonstrated in Fig. 1.1.
Chapter 7 summarizes the findings of the study obtained in this thesis, and some
suggestions for further research.
A summary of the research in this thesis is shown in Fig. 1.2.
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Fig. 1.1 Correlation between simulations and experiments
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Fig. 1.2 Research outline for a micro deep drawing of AA1235 material
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2.1 Micro-forming
The rapid and recent development of miniaturised products has encouraged
research in the field of micro-forming, especially in the production of micro parts, to
reduce their weight and volume [1].
On this basis an analysis of the transfer of knowledge from the macro-world to the
micro-world is required; as is a review of the latest basic and applied research related
to the effects of size, in terms of process and forming. This research has driven the
demand for new solutions, particularly manufacturing tools and machinery concepts
[5]. Technology that is already established in the macro-scale cannot be directly
applied to micro-size [5], because the properties of micro-size material varies
significantly compared to macro-size.
Several micro-forming processes can already be carried out on many different
materials, but in this thesis the process of micro-deep drawing on aluminum foil was
selected. There is a difference between micro and conventional deep drawing; in
micro deep drawing a cup is formed using a blank sheet of material between 0.001
and 0.300 mm thick, and a punch that is between 1 and 9 mm [6] in diameter. The
definition of conventional deep-drawing is a cup that is formed from material
between 0.09 and 1 mm thick, with a punch with a diameter between 100 and 1000
mm [6].

2.2 Micro cup drawing
Micro cup drawing has already been carried out on aluminium such as: Al 99.5
[7], AA1050 [8] and AA1235 [9, 10]; on copper [11]; on demagnetised mild steel
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[12], and on 304 stainless steel [13, 14]. Conventional deep-drawing has already
been carried out on aluminium, such as: Al-O [15], AA5754 [16], composite Al
5754, Al 5182+Mn, and Al 6111-T4 [17]. Other aluminium materials were pure Al
[18], AA1050 [19], AA1200 [4], AA3003 [20], AA7075-O [3], and AZ31 [21].
Magnesium alloys such as: AZ31 [22-24], AZ31 and WE43 [25] are also included, as
is SPCE-SB cold-rolled steel [26], mild steel EN10130 FeP01 [27], high formability
steel-DIN 10130-99-DC05 [28], brass [29], and steel/brass composites [30].
Good quality deep drawing is characterised by a cup without wrinkles, earing, or
tears. Micro-forming operations are affected by material flow stress, which is in turn
influenced by the thickness of a thin material because material that is less than 300
µm thick, together with the grain size, affects its formability. The ratio (t/d) between
the thickness (t) and the material grain diameter (d), known as the size-effect, is
greatly affected by the results of a micro-deep drawing process. For instance, a high
(t/d) ratio produce higher formability. A simple way to change the properties of a
material, and thus improve its formability, is heat treatment. This means that a deep
drawing process can incorporate annealing and stress relief to improve the ductility
of materials. Another method is to use materials with fine grains processed by severe
plastic deformation.
One aspect of micro-forming is having an open/closed lubricant pocket (O/CLP)
on the flange of the deep drawing process, because a CLP can reduce the friction
between the material and tool surfaces so that the force required to overcome friction
in a deep drawing process is less. An O/CLP is in turn, influenced by the state of the
contact surface and the presence of lubrication in the pocket.
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Formability in deep drawing is affected by the geometry of the tools and process
parameters such as the radii of the die, the punch, and the corners of the die and the
punch; as well as blank holder pressure, the thickness of the blank, and the radial
clearance between the die and the punch diameters.

2.2.1 Wrinkling
The types of failures that should be considered in a deep drawing process are
wrinkling, tearing, earing [2] and folding [3].
In deep drawing, wrinkles are negative consequences resulting from changes in
shape from a flat, circular blank to a cylindrical tube, especially at the edge of the
cup. Wrinkles are also caused by compressive hoop stress on the flange, a stress that
can be reduced by applying enough blank holder pressure (BHP), but if the pressure
on the blank holder is too high, the cup will tear, but if the pressure is too low,
wrinkles can occur. Wrinkles cannot always be eliminated completely; the combined
clearance between the diameters of the punch and the die can cause wrinkles, but if
this combined clearance is less than the thickness of the blank, the wall of the cup
will become thinner. Therefore, a clearance that corresponds to the thickness of the
blank can be used to determine the success of the deep-drawing process. It should be
noted that some researchers have been guided by personal experiences, trying to
overcome or reduce the occurrence of wrinkles.
Finite element analysis (FEA) has been carried out on each of the five stages
needed to turn a circular blank into a semi-rectangular cup shape via deep drawing
and ironing processes. At each stage, modifications were made to the shape and size
of the punch and die, based on the FEA results [26]. These modifications included
8
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increasing the curvature along the minor axis of the die corner radius to ensure a
smooth deformation of the blank for the next stage. Increasing the angle on the die
corner radius, near the minor axis, can also reduce the possibility of wrinkles. A
limited drawing ratio (LDR) of 1.72 was obtained in the first stage, followed by an
ironing process for the second to fifth stages. In the first stage, a 0.5 mm wall
thickness was thinned down to 0.492 mm, in the form of a circular cup. A deep
drawing experiment was carried out on 51.5 mm diameter blank of 0.5 mm thick
cold rolled steel, from which it was concluded that with the design modification
supported by a finite element, a rectangular cup with an aspect ratio (the ratio of
height to the minor axis of the cup cross section) over 7.6 could be achieved without
wrinkles and tears [26]. LDR is the ratio of the maximum diameter of the blank that
can be drawn into a cup, over the diameter of the punch.
When warm deep drawing AZ31 material at 300oC with a constant BHP, areas of
wrinkles and fracture stand out; this material was 0.5 mm thick and 69.3 mm in
diameter. The wrinkles were caused by a low to medium BHP with a high LDR,
while the fractured area resulted from medium to high BHP and a lower LDR.
Applying a variable BHP linearly from 0.21 to 3.91 MPa, with a punch stroke of 13
to 17 mm, can increase the LDR from 2.1 to 2.14 [23].
Four stages were proposed [31] to deep draw 66 mm diameter by 0.25 mm thick
Cu alloy blanks. In the first stage, conventional deep drawing was carried out with a
0 to 10 mm punch stroke, and with a BHP of 1.26 MPa. In the second stage, wrinkles
appeared on the flange with a 10 to 12 mm punch stroke, where the BHP had been
reduced to 0.25 MPa. In the third stage, wrinkles were eliminated by the 12 mm
punch stroke when the BHP was increased to 6 MPa, and the punch was in the
9
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stopped position. The fourth stage involved correcting wrinkles at the die corner
radius with a 12 to 15 mm punch stroke and the BHP reduced to 1.5 MPa. The
heights of the wrinkles can be reduced to less than 50 µm via this elimination
process, indeed they can be eliminated if their height is still less than 200 µm [31].
This means that a successful deep drawing process requires the correct punch stroke
and BHP.
It has been proposed that an energy balance exists; the energy due to compressive
hoop stress is equal to the bending energy added to the energy of the blank holder;
this means the energy of the blank holder can prevent the occurrence of wrinkles. In
formulating an equation that links these three energies, a cup sectioned into several
regions is needed. A cup section relation includes a correlation between variations in
thickness in the flange region, the number of wrinkles, and BHP. This variation in
thickness is formed in five sections. The first zone is located in the flange region, the
second is in the die corner radius region, zone III can be found on the cup wall, zone
IV is on the punch corner radius, and the last zone (zone V) can be found near the
bottom of the punch. An equation for the minimum BHP needed to prevent wrinkles
was obtained from the boundary condition. The minimum BHP needed to prevent
wrinkles is associated with the ratio of ro/rd (blank radius/inner radius of blank
holder). The minimum BHP increases as a parabolic curve until it reaches a
maximum value and then decreases as the punch reaches the end of its stroke. This
equation was validated on 0.5 mm thick blank copper with a blank radius of 50 mm,
a punch radius of 25 mm, normal anisotropy of 2.1, and a strain hardening coefficient
of 0.345 [32].
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A ring-shaped projection (RSP) was introduced onto the blank holder to stop the
edge of the flange tearing while deep drawing AZ31 material that was 0.5 mm thick
and had a blank diameter of 33.25 mm. The LDR of deep drawing AZ31 can be
increased from 1.72 to 1.75 when using a blank holder with an RSP in the second
stage [22]. A blank holder designed with an RSP could potentially be used to reduce
tearing on the edge of the flange.
A BHP variation curve in a deep drawing process can be formulated by using the
energy transformation where the bending work is equal to the release energy added
to the wasting work of BHP. In this simulation a BHP curve was applied to a 0.6 mm
thick AZ31 blank in three stages. In the first stage, at the beginning of the 20 mm
punch stroke, the applied BHP was increased from 0.36 to 0.84 MPa. The BHP
remained constant at 0.84 MPa during the second stage and then decreased to 0.48
MPa in the third stage [21]. The resulting forming limit diagram (FLD) shows that
wrinkles appeared on the flange if the applied BHP was equal to 0.6 MPa. There
were no wrinkles at an applied BHP of 0.2 MPa, but there was a risk of tearing. The
simulation showed that a blank annealed at 100oC risked a tear area greater than
material annealed at 200oC. There were also areas at risk of tearing when variable
BHPs [21] were applied.
Simulations of the deep drawing process were carried out on blanks of AA1050
material that were 2 mm thick and 150 mm in diameter. An 84 mm diameter of
punch was used and a BHP from 0.5 to 15 MPa [19] was gradually applied to the
blank holder. It was concluded that a wrinkle free cup could be obtained by deep
drawing if a BHP between 0.65 to 10 MPa was applied. Indeed, the simulation
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showed that wrinkles occurred at a BHP of 0.4 MPa, and tearing began if the BHP
exceeded 10 MPa [19].
A simulated deep drawing of a 2 mm thick AA5754-O blank was carried out with
a punch that was 61x61 mm square and the BHP was between 0 and 25 MPa [33]. In
this simulation, wrinkles appeared in the cup when the BHP ranged from 0 to 1.3
MPa and the cup began to tear when the BHP exceeded 18 MPa [33]. During hydromechanical deep drawing (HDD), the hydraulic pressure can have a remarkable
effect on the wall thickness of the cup and in preventing wrinkles [34]. The
researchers mentioned above considered how the BHP prevented wrinkles, while not
depending on the size of the blank; indeed there is no standard procedure that can
prevent wrinkles.
Samples of AA7075 aluminium that were 1.1 mm thick and 57 mm in diameter,
which had been annealed at 450oC produced more wrinkles during deep drawing
than those samples annealed at 350 and 400oC. The samples annealed at 400oC had a
better draw ability than those annealed at 350 and 450oC because the grain growth at
high temperature causes a non-uniform deformation of the sheet and reduces
formability. In the low temperature range (270-350oC), draw ability was poor
because the micro structure was not fully recrystallised. Grains containing
dislocations in the deformed state cannot be further deformed during deep drawing
and can lead to early failure. At the optimum temperature (around 400oC), a fully
recrystallised structure can achieve the best draw ability because the recrystallised
grains have formed into a set of new, fine, strain-free and equi-axed [3] grains.
Cylindrical cup drawing for cold-rolled steel was only achieved at 1.72 LDR in
the first stage, and after modifications to the shape and size of the punch [26]. The
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use of a constant and variable BHP on AZ31 [23] should also be tested for other
materials. An application of BHP in four stages was applied to Cu alloy [31], but it
cannot always be applied to other materials in the deep drawing process, especially
in the micro-scale.
When simulating the deep drawing of a blank of AZ31 material 0.6 mm thick
[21], a BHP of 1.2 MPa was found to be the best at avoiding tearing, albeit there was
still some risks. A similar BHP should be applied when simulating other material is
still needed in order to carry out the drawing process without wrinkles or tears.
A blank holder with a ring-shaped projection was intended to prevent tearing at
the edge of an AZ31 [22] flange, but it may also be used to reduce wrinkles. The
parabolic curve equation for the minimum BHP needed to prevent 0.5 mm thick by
100 mm diameter blank copper from wrinkling [32] should be sought and validated,
as it should for other materials, to obtain a cup without wrinkles. A suitable BHP
obtained by trial and error was applied to AA1050 in a number of experiments [33],
and similarly, a trial and error approach by simulation is also needed for other
materials. The best draw ability was obtained from samples of AA7075 that were 1.1
mm thick an 57 mm in diameter, that had been annealed at an optimum temperature
of 400oC [3]. It was also necessary to find the optimum temperature for other
materials in order to obtain the best draw ability. Another alternative to prevent
wrinkles on the wall of a cup is to use hydraulic pressure. Some researchers were still
unable to apply a standard procedure that could prevent wrinkles, and that was
applicable to a variety of materials.
An alternative to avoiding wrinkles is ironing, which can be done after the
drawing process or directly while drawing. Ironing is a deformation process carried
13
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out on the wall of the cup to obtain a thinner wall. If ironing is done in the second
stage, then the diameter of the die should be smaller than the die used when deep
drawing. When the ironing process is performed directly onto a blank, then the
effective clearance becomes smaller than the thickness of the blank.
The ironing process with a reduction in thickness at 10, 25, and 40 % on a steel
material (extra deep drawing/EDD) at 200, 400, and 600oC was observed, and it was
concluded that the best quality cup occurred with a 25 % reduction in thickness at
600oC in a single stage [35, 36].
Ironing with a reduction in thickness (5-50 %), was carried out on 18/8 stainless
steel with die angles of 5, 10, and 15o respectively. It was concluded that the critical
thickness reduction ratio was strongly influenced by the geometry of the die and the
strain hardening coefficient of the material. The critical thickness reduction ratio was
increased if the die angle was decreased, the length of the land was reduced, the
strain hardening coefficient was increased, and the coefficients of friction between
the interfaces of the cup/punch and the cup/die were increased [37].
The ironing process was carried out 1 mm thick blanks of low carbon steel [36],
AA5754-O [38], and stainless steel (18/8) [37], and also on 2 mm thick blanks of
steel (EDD) [35] and low carbon steel [36]. 5 mm thick blanks of hot roll mild steel
(SPHE-JIS) have been used in the ironing process [39], as has 9.5 mm thick
(34CrMo4) steel [40]. The die angles used during ironing ranged from 5 to 15o for
AA3104H19 [41], AA5754-O [38] and 18/8 stainless steel respectively [37].
When the corner of the cup became thinner while deep drawing mild steel, the cup
wall reached its original thickness after 66 % of the punch stroke [39]. With a 70.8
mm diameter ironing, a 59 mm diameter punch, a 6 mm thick blank, and a clearance
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of - (minus) 0.1 mm (1.67 % to the thickness of the blank), the original thickness on
the edge of the area was obtained after a cup had thickened by approximately 3 %.
The greater the clearance is, the thicker the cup edge will be [39].
The ironing process is influenced by the geometry of the die, especially the angle
of the die and the length of its land, whereas strain hardening material also affects
formability during this process. Indeed, any reduction in the thickness of the blank is
limited by the material formability.
A one step process that combines deep drawing and ironing can be designed after
preliminary experiments were carried out. It involves manufacturing a punch with a
combination of diameters; such that the tip is a certain diameter, but then it increases
in diameter where the wrinkles would form, and then increases again at the end of
the punch. The transition between these two diameters is made gradually so that the
overall thickness of the wall can be produced more uniformly and the expected
occurrence of wrinkles can be reduced.

2.2.2 Tearing
Tears in deep drawing are usually caused by the material being unable to
withstand the tensile stresses applied by the punch, or because the corner radius of
the die and/or punch are too small. Tears can also occur due to frictional forces
between the blank and the tools that create extra stress on the cup walls, and because
the clearance between the punch and the die is too small, which thins the cup wall
and causes it to tear. Simulations have been performed with 2 mm thick AA1050,
and then the results were applied in an experiment with BHP’s between 0.4 and 15
MPa [33]. The cup started tearing with a BHP greater than 10 MPa [33]. For 0.5 mm
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thick AZ31 in a warm deep drawing process (300oC), an LDR of 2.1 to 2.14 was
obtained when various BHPs were applied linearly from 0.5 to 9.2 MPa. Tears
occurred when the LDR was greater than 2.09 and the constant BHP was higher than
4.8 MPa [23].
Tearing usually occurs in non-uniform metal flows and irregular contact
conditions between the surfaces of the blank and the tool. Tearing was avoided while
deep drawing 0.5 mm thick cold rolled steel, from the circular blank into a semirectangular shape, through 5 stages of modifications on the curvature along the minor
axis of the die corner radius. The modification effected by the ironing processes were
based on FEA [26]. The reduction in thickness after the fifth stage reached 28 %,
which had a high probability of tearing. Tearing can only be prevented in the second
stage where the cross section of a cylindrical cup is converted into another form.
A combination of the punch and die corner radius while deep drawing pure
aluminum resulted in a torn cup; this occurred in an 82 mm diameter blank where a
punch with a 6 mm corner radius and die corner radii of 4, 6, and 8 mm were used. It
also occurreds with a punch corner radius of 8 mm and with die corner radii of 4 and
6 mm. These experimental results have shown the limit of a deep drawing process on
pure aluminum with a thickness of 1.5 mm [18].
The blank holder gap (BHG) is the gap between the top die and bottom blank
holder surfaces, and it is not always the same as the thickness of the blank; indeed
the best BHG is between 1-1.3 of thickness of the blank.
A larger gap of up to 1.3 of the thickness of the blank still provides a cup with a
good result without tearing [42]. Tears in a cup cannot be avoided if the limitations
of draw ability while deep drawing varying material thicknesses and operating
16
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conditions are exceeded. Factors such as BHG, BHP, minimum punch corner radius,
minimum die corner radius, and the minimum temperature can affect the tearing of a
cup.

2.2.3 Earing
Earing is another failure in the deep drawing process that is separated from
wrinkling and tearing [3]. Earing is a waste of material because a blank that is larger
than necessary is needed. Earing can also make it difficult to eject the product after
deep drawing is completed [4]. Earing is caused by material anisotropy, and it can be
expressed in terms of normal anisotropy (Ravg) and planar anisotropy (R) in
equation (2.1) and (2.2) [2] [43]
Ravg=(R0 + R90 + 2R45)/4

(2.1)

R=(R0 + R90 - 2R45)/2

(2.2)

R is the ratio between the strain in the direction of the width and thickness of the
tensile test specimens (R=w/t). If R is equal to zero, then there is no earing [43].
Reducing the formation of ear in deep drawing can be carried out with a modified
blank. The maximum punch load for the modified blank was decreased by 5.4 %
compared to a circular low carbon steel blank, but it decreased by approximately 8.2
% for pure aluminum [44].
A circular blank was modified into a form almost like a normal circle, it has four
arcs at 0, 90, 180, and 270o to the rolling direction (RD) of the blank, so trimming
was done. This cutting was done a certain distance from the edge of the circle,
according to the results of a simulation. The results showed a significantly reduction
in earing after the modified blank was drawn into a cup. The maximum cup height
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before and after the blank was modified was reduced from 40 to 36 mm, while the
minimum height before and after the blank was modified was reduced from 34 to 31
mm [45].
Comparisons in the experiments and simulations to four different forms of blank
were carried out to make an octagonal cup. The blank was 0.8 mm thick and the
punch was 175 mm in diameter. The form of the four blanks were octagonal and
curved inwards, straight into the octagonal notched, octagonal straight, and circles. It
was found that minimum earing when an octagonal cup was formed, was generated
by a circular blank [46].
Earings on AA 5754-O and AA 2024-T4 while deep drawing 1 mm thick blanks
were observed. Earing occurred at 0 and 180° for AA5754-O and at 45 and 225° for
AA2024-T4. The earing of AA 2024-T4 was smaller than that of AA 5754-O [47].
Earing occurred while deep drawing 0.3 mm thick AA1235 blanks 14 mm in
diameter. The experimental results of annealed material processed by accumulative
roll bonding (ARB) followed by stress relief indicated that cup earing for ARB
processed material followed by a stress relief was lower than the annealed material
[9]. A decrease of planar anisotropy (R) from 0.556 to -0.022 was responsible for
reducing earing in the drawing process.
The relationship between earing and the thickness of the blanks while deep
drawing 2 mm thick AA1200 blanks increased earing in the range of 0.6-0.9 mm,
and decreased to the range of 1.2-1.58 mm [4].
Modifications to the radius of medium steel blanks, with a thickness of 0.9 mm
and a diameter of 120 mm, reduced earing from 8.7 to 4.1 mm [48]. A simulation
was carried out to optimise the modified form of circular blanks of AA2048, in order
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to obtain a cup without earing forming [49]. It can be concluded from previous
studies that reducing earing on a cup can be done by modifying the shape of the
blank and then stress relieving it before deep drawing.

2.2.4 Size effect
Material behavior is influenced by the size and orientation of the grain, and the
size of the specimen. The most common parameter used to express the behaviour of
materials is flow stress because it determines the forming force. As miniaturisation
increases, the flow stress varies when the size is smaller. The size factor () of the
material is 1 for a single crystal and 0 for a poly crystal. Size/scale factor  is the
ratio of the grain size and the thickness of the sheet (=d/t), so for micro-forming the
flow stress model is between the flow stress for a single crystal and poly crystal
models [50]. A size factor between 0.5 and 1 was obtained after deep drawing
CuZn37 blanks that were 0.15 and 0.3 mm thick, and with diameters of 8 and 16 mm
[6].
A new mathematical model was proposed to describe the behaviour of material of
any thickness and grain size in micro-forming [51]. Models have been applied to
C1200 copper with thicknesses (t) of 0.1, 0.2, and 0.5 mm, and grain sizes of (d) 23,
70, and 113 μm. The maximum punch loads of the new model differed by 2 % from
the Swift model. The formability and flow stress for micro-forming can be expressed
as a function of the t/d ratio (size effect), but the constitutive models were only
suitable for t/d > 1. This model was validated with copper C1200 [52].
The results of tensile and bending tests of AAl100 and Brass-26000 concluded
that where t/d > 1, the yield strength and tensile strength of the material decreased
19

Chapter 2 Literature review

with a lower t/d ratio, whereas when t/d <1, the yield strength increased with a
decrease in the t/d ratio. Regardless of the thickness of the material, the stretch
ability or formability for micro-forming worsened if the ratio t/d was reduced [53].
The simulation showed that the generated friction coefficient (µ) decreased with
increasing pressure for given size effects. For the size effects () 1.25, 2.5, and 6
with a range of µ values; from 0.213 to 0.052, from 0.111 to 0.036, and from 0.086
to 0.031 respectively for a normal pressure of 50 to 500 MPa [54]. When = A/As, A
is the total contact surface and As is the outer contact surface. The total contact
surface consists of RCA, OLP, and CLP. It was shown that an increase in size effects
the results in a reduced friction force until it becomes a traditional lubricant friction,
however, when the effect of size decreases, the friction force increases. The influence
of size effects is greater in the micro-scale ( <10) than the conventional scale ( >
10) [54].
The friction size effect only occurred in a scaled down experiment of cylinder
compression for copper alloy C3602 with soybean oil. Specimen diameters of 6, 4, 2,
and 1 mm, with a height/diameter ratio of 1.5, were used in the experiment. The
friction-size effect can be explained by the real contact area (RCA) under
deformation, such that the higher the RCA fraction, the higher the friction [55].

2.2.5 Heat treatment
Aluminum was selected in this research into deep drawing because these materials
have superior properties such as low density, good formability, corrosion resistance,
and low cost.
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In this thesis the micro deep drawing of AA1235/H14 aluminum foil with
thicknesses of 300 and 130 µm were carried out using a set of punches with
diameters 7.54 and 7.89 mm. This still met the range of micro deep drawing process
that was used [6]. The heat treatment using for AA1235/H14 was annealing and
stress relief. The annealing temperature was 450oC for 4 hours and stress relief was
at 200oC for 8 hours. The purpose of annealing and stress relief was to reduce the
residual stresses from the previous rolling process.
The annealing temperatures for other materials were AA6061-O at 803K (530oC)
for 1.5 h [56], AA1100 at 400oC for 1 h [57], the Al/Al strip at 375oC for 2 h [58],
AA2219/5086 at 400oC for 1 h [59], AA1050 at 450oC for 1 h and AA6000 at 500oC
for 2 h [60]. While the temperatures for stress relieving AA2014 was 170oC for 12 h
[61], and for AA5754-O at 200oC [16].

2.2.6 Open/close lubricant pocket
Comprehensive experimental work has shown that friction is increased if the size
is scaled down during micro-forming. A theoretical explanation is given by the
mechanical-tribological models that identify the open and closed lubricant pockets
(O/CLP) and real contact area (RCA). It was shown that the common law of friction
developed by Wanheim/Bay ( = f αRC k), can account for the scale effect [62].
When two surfaces are in contact under load, asperities deform and the lubricant
trapped in the valleys can support the load [54]. The valleys of roughness that are
connected to the edge of the surface cannot keep the lubricant as open lubricant
pockets (OLP), whereas the oil trapped in the valleys that have not connections to the
edge can support a load during forming, and are called closed lubricant pockets
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(CLP). CLP can lower a normal pressure and reduce contact stress, so that the
fraction of RCA is reduced. The concept of O/CLP has been observed in
experimental cylinder compression for copper alloy material C3602 with four types
of lubricants. The types of lubricant used include: talc powder, petroleum jelly and
soybean oil. Observations were also made using no lubricant. The specimens used
had diameters of 6, 4, 2, and 1 mm, and had a height/diameter ratio of h0/d0 = 1.5
[55]. It was concluded that the average friction factor increased by 0.2 from 0.11, for
the annealed condition at 450oC for 1 h with soybean oil [55].
Furthermore, the O/CLP can be illustrated with a surface fraction after penetration
on the surface. Relative penetration between 4 and 6 µm can produce a surface
fraction of OLP, CLP and RCA [62].

2.2.7 Effect of die corner radius to the cup product
The size of the tools and blanks used for deep drawing are important parameters
in the success or failure of forming a cup. FEA was carried out on the deep drawing
of an AZ31 blank that was 1 mm thick and had a long axis of 80 mm and a short axis
of 50 mm, that was used to form an elliptic cup [63]. When the die corner radius was
reduced from 6 to 4 mm, the forming load increased from 4300 to 4900 N. A BHF of
1500N, a clearance of 1.6 times the thickness of the blank and a temperature of
300oC were applied in the simulation [63].
The effect of friction and spring back on the application of BH, divided into eight
segments, were simulated for an Al-O blank material that was 0.5 mm thick and had
diameters of 86 to 110 mm. With punch corner radii from 5 to 3 mm, the
corresponding spring-back for the radius of the cup edge increased from 15.72 to
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15.87 mm. When the coefficient of friction was reduced from 0.4 to 0.25, the springback increased from 15.55 to 15.70 mm[15].
Optimisation was done through FEA of the deep drawing process of AZ31 and
WE43 blank material that was 0.5 mm thick and had a diameter of 25 mm [25]. For
AZ31 the punch corner radius for 4, 3, 2, and 1 mm, produced a corresponding
drawing depth of 6.7, 7.1, 7.5 and 6.4 mm. For WE4 the possible drawing depth was
4, 4.2, 4.6 and then 3.8 mm. By decreasing the forming temperatures to 400, 300,
200, and 100°C, the corresponding drawing depth increased from 2.95 to 4.1 mm,
and then decreased to 3.1 and 1.5 mm [25].
A simulation was carried out to predict and minimise various sheet thicknesses
while deep drawing AA1050 material with thicknesses ranging from 0.05 to 0.2 mm
and diameters from 1.8 to 10.8 mm [8]. For die corner radii of 0.3, 0.25 and 0.2 mm,
the corresponding cup corner thicknesses were 0.177, 0.173 and 0.168 mm. The
optimum values for the die corner and blank radii respectively were 2.15 and 3.501
mm [8]. With a blank diameter of 7.02 mm and a punch diameter of 4 mm, the
optimum LDR was 1.755.
Optimising the tool geometry for deep drawing was done on a blank of 1.5 mm
thick pure Aluminum with a diameter of 78 mm, and it was found that by decreasing
the die corner radii, the punch load decreased [18]. The die corner radius is related to
the value of LDR such that the LDR decreases if the die corner radius is reduced
[64].
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2.2.8 Effect of punch corner radius to the cup product
In reference [8], reducing the punch corner radii in the simulations from 0.3 to 0.2
mm, increased the thicknesses of the cup corners between 0.167 and 0168 mm [8].
The radius of the punch corner and blank in the simulation were 2.99 and 3.501 mm,
respectively [8]. With a blank 7.02 mm in diameter and a punch 4 mm in diameter,
an optimum LDR of 1.755 was obtained. The optimum value obtained from the
simulation for the punch corner radius was 2.99 mm.
In reference [22] for the blank AZ31 at 0.5 mm thick, when the punch corner
radius was reduced, the LDR was lowered. Similar findings were found in reference
[64].

2.2.9 Effect of the blank holder pressure to the cup product
The BHP controls the occurrence of wrinkles on the cup flange. If the BHP is
greater than necessary, the cup will tear in the corner because the higher tensile stress
exceeds the material strength. However, if the BHP is not great enough, there will be
wrinkles in the flange and cup wall, and if the wrinkles on the sheet are significant
and the existing clearance is not enough, the wall of cup will tear.
The BHP was applied gradually in a four stage strategy [31] while deep drawing
0.25 mm thick Cu alloy with blank diameter of 66 mm, during which the wrinkles
were reduced to less than 50 µm high. Wrinkles can be eliminated if their height is
still less than 200 µm [31], but applying BHP in four stages for setting the
appropriate punch stroke and BHP.
The application of variable BHP showed that the area of wrinkle was also a region
at risk of stretching [21]. The FLD for the BHP while deep drawing other materials
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must be established to determine the magnitude of BHP that corresponds to areas
without wrinkles. An equation of energy balance to avoid the occurrence of wrinkles
has been derived [32], but a validation of the minimum BHP has not been carried out
for other materials.
The simulation of a relationship between BHP and forming load to make an
elliptical shaped cup with 1.0 mm thick AZ31 has already been obtained [63], with
the results showing that the greater the BHP, the greater the forming load needed to
form an elliptical cup; similar simulations are also needed to form a cylindrical cup.
For a BHP from 0.65 to 10 MPa, the simulation of deep drawing 2 mm thick
AA1050 material with a blank diameter of 150 mm, produced a wrinkle free cup
[33].
A deep drawing tool system using an adaptive BHP on a 1 mm thick low carbon
steel (DC06) with a 330 x 360 mm blank [65] has been produced. A rectangular cup
without any tear in the wall, with a variation in the flange thickness from 0.991 to
1.057 mm, and with an 80 mm deep punch stroke was obtained [65]. Wrinkles can be
avoided with an adaptive blank holder, as indicated by the variation in the flange
thickness of 68 µm, or 6.8 % of the blank thickness. An issue would arise if the
system for deep drawing tools is applied to micro-forming, due the limited space
available for placing a number of devices around the punch and die.
Deep drawing was carried out on a two-layer composite that consisted of 0.62 mm
thick brass 0.39 mm thick steel, with blank diameters between 75 and 100 mm [30].
The flanges of three cups show various degrees of wrinkles, depending on BHP,
between 0.6 to 0.12 MPa [30]. The findings indicate that so far, the appropriate BHP
needed to prevent wrinkles has not yet to be determined. The method for applying
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BHP better in micro deep drawing still needs to be tested, especially with regards to
the space available around the punch and die. The application of adaptive BHP
methods may provide a solution if the space problem around the punch and die is
adequate, but that the adaptive BHP can produce no wrinkles on the cup wall if the
drawing process is continued to full stroke must still be proved.

2.2.10 Effect of blank thickness to the cup product
A good cup can be produced if the thickness of the blank is combined with an
appropriate clearance between the diameters of the die and the punch. If the
thickness is smaller than the clearance, then wrinkles will occur, but if the thickness
of the blank is greater than the designed clearance, an ironing process will occur. On
a 1.2 mm thick blank of low carbon steel with a diameter of 115 mm [64], a high
LDR value was achieved with an appropriate clearance of 1.15 times the thickness of
the blank, so the clearance must be selected prior to the design to determine the
diameters of the die and punch.

2.2.11 Effect of the clearance between the punch and die to the cup product
Deep drawing process blank material of a certain thickness requires a certain
clearance in order to obtain a maximum LDR; for instance, a 0.5 mm thick blank
with 0.7 mm clearance, the LDR while cold deep drawing AZ31 was reduced from
1.72 to 1.67 with respective punch corner radii of 5 and 2 mm, and it decreased from
1.72 to 1.47 when the clearance was reduced from 0.7 to 0.5 mm with a punch corner
radius of 5 mm [22]. A maximum LDR of 2.238 on a clearance equal to 1.15 times
the thickness of the blank was obtained while drawing a cylindrical cup from a 1.2
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mm thick blank of low carbon steel with a diameter of 137 mm [64]. In this case the
LDR also decreased if the clearance differed by 1.15 times the thickness of the blank.
A deep drawing process rarely achieves an LDR higher than 2 [15]. Experiments
were performed using a punch and die with a corner radius of 8 mm, and a solid
lubricant of Zinc Sterate. The blank was a special type of material for deep drawing
called EDD steel with an elongation of 45 % [45]. The LDR decreased if the
clearance was 1.15 times more than the thickness of the blank [64], but if the
clearance was more than 1.15 times the thickness, the wall thickened but its thickness
was not uniform. However if the clearance is smaller than 1.15 times the thickness,
the cup wall is ironed and becomes thinner but uniform in thickness.
Deep drawing a blank material of a certain thickness requires a certain clearance
in order to obtain a maximum LDR.

2.3 Accumulative roll bonding (ARB)
A reduced flow stress from thin material due to the effects of size prompted
researchers to use thin material with a smaller grain size for micro-forming because a
high (t/d) ratio will produce a higher formability [66]. The accumulative roll bonding
(ARB) process produces materials with smaller grains, so formability in deep
drawing can be improved.
The ARB process is but one of the severe plastic deformation processes used to
achieve ultra-fine grains and increase the strength of material, but with a reduced
ductility. In this process the sheet thickness is reduced by 50 % or more [9], and then
cut into two equal halves. The interface of the two pieces is then brushed, cleaned,
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stacked, heated, and then rolled again with the same reduction. This process is
repeated for several cycles and then annealed to improve ductility [57].
An ARB process was carried out on several types of materials from a group of
ferrous and non-ferrous metals. The ferrous group consisted of interstitial free (IF)
steel [67-70] and low carbon steel [71]. The non-ferrous group included aluminum
alloy [9, 56, 57, 59, 67, 68, 70-78], copper [79, 80], Titanium [81] and composite AlCu, Cu-Zn-Al , and Al-Al [73, 78, 80]. The most widely used material was aluminum
alloy and the least frequently tested was Titanium.
In the ARB process, one and two cycles were carried out on AA1050 and
AA6061, either individually or on composite materials [78]. Four cycles were carried
out on AA1235 [9, 75], five cycles on IF steel, low carbon steel, AA6061, and
AA1050/AA6061 composite [56, 60, 68, 71, 73], six cycles on AA1100 and Tiadded IF steel [70], and seven cycles were carried out on Al-Mg (5083) [68], copper
[79], and pure Ti [81]. Eight cycles were carried out on AA1100 [57, 68, 72, 74, 76]
and composite AA2219/AA5086 [59], ten cycles were carried out on AA1100
materials [77] and IF steel [69], and fourteen cycles on sandwich Cu-Zn-Al [80]. The
limitations of the ARB process were reached when the rolled edge crack was large
and/or had low ductility. This was especially true when the reduction in thickness
was more than 50 %.
Most ARB processes, using a reduction in thickness of 50 % [56, 57, 59, 60, 6772, 74, 76-79, 81] and to 43 %, were carried out up to the fifth cycle on AA1100
materials [73], but it was difficult to provide an effective bond between the layers of
thin sheet at 50 % reduction or less, because a reduction of more than 50 % would be
needed to achieve an adequate bond. A 57 % reduction in thickness was carried out
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on sandwiches of Cu-Zn-Al [80], and in this thesis, 65 % in the AA1235 material [9,
75].
Most of the material thicknesses for the ARB process were up to 1 mm [56, 57,
67, 68, 70, 73, 74, 76, 79, 80], 1.5 mm [60, 78], 2 mm [69] with the thickest being
2.5 mm [71]. Raw materials that are thinner than 1 mm, i.e. 0.5 mm, were used for
AA1100, AA2219/AA5086, and Ti [59, 73, 77, 81], and the thinnest, at 0.3 mm for
the AA1235 material in this thesis [9, 75] and composite sheet material of Al [80].
The grain size obtained from the ARB process ranged from 100-200 nm for IF
steel, Ti, AA1050/AA6061, AA6061/AA6061 [60, 67, 69, 81]; 200-300 nm for
AA1100, IF steel, AA2219/AA5086, AA1050, AA6061, AA1050/AA6061
composite [57, 59, 60, 67, 70, 76, 78, 79]. It is in the range of 300-400 nm for
AA1100 material [67, 72, 74], and more than 400 nm for AA1100 Al-Mg (5083), IF
steel, AA1050, AA1235 [9, 68, 75, 77, 78]. In general, the grain size obtained from
the ARB process with five or more cycles was less than 500 nm.
If the ARB process is carried out below the recrystallisation temperature, then the
rolled material will not be quite as ductile and the bond strength will not be strong
enough [68]. To increase the bond strength, the interface of both plates can be
brushed before the ARB process [68]. Samples of strips of Al/Al bonded by cold
rolling and annealing carried out before ARB showed that the effect of work
hardening had been eliminated [56, 58, 82]. Annealing or ageing the material after
ARB can also improve its ductility and make it suitable for further processing.
The interface between materials for ARB will affect the bond because sufficient
roughness and cleanliness is needed for the ARB process. For a fairly thin material,
brushing can be done manually [9, 75] with a stainless steel brush, and a brush with a
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wire diameters of 0.3 mm [80] for aluminum, zinc and copper, or 0.4 mm [77] for
AA1100. The random surface roughness (Ra) of the results obtained by wire
brushing was 1.5-1.8 µm [71]. Cleaning the interface before stacking, fastening, or
welding prior to rolling can be done with Acetone. Tungsten inert gas (TIG) welding
is better than riveting the front end of the samples. Edge cracks caused by high
tensile stress at the edge [77] were the biggest problem from the ARB process. Edge
cracks should not be ignored if the ratio between the thickness/width of the plate is
less than 10 [68]. Edge cracking usually occurs for reductions in thickness of up to
50 %, and even 65 %.

2.4 Asymmetric rolling (AR)
Asymmetric rolling is rolling with a pair of rollers having a different angular
velocity [83, 84]. Differences in angular velocity can be obtained using a pair of
rollers of the same diameter but with different angular velocities, or by a pair of
rollers of different diameters, but with the same angular velocity. AR is intended to
increase the angular velocity of the top roller, while the angular velocity of the
bottom roller remains constant [83, 85].
The purpose of AR is to refine and obtain a uniform microstructure across the
thickness [84, 86]. It has a shear zone of constant through-thickness shear strain
between the two neutral planes [84, 86, 87]. Conventional rolling (symmetric) only
has two slip zones in the friction force, the forward and backward slip zone. The
shear strain is non uniform, and varies from positive on one surface to negative on
the other [84].
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In AR, the difference in angular velocity between the upper roller and the lower
roller is expressed by a speed ratio where the speed of the upper roller is faster than
the roller on the bottom. Various speed ratios have been used for steel strips at 1.1,
1.2, and 1.3 [85], for low carbon steel at 1.2 [88], for IF steel at 1.2 [89], for 2205
duplex stainless steel at 1.2 and 1.4 [90], for IF steel at 1.2, 1.6, and 2 [91], IF steel
with an idle roller [86, 92], AA1050 and AA6061 at 1.3 [84], Ti-grade 2 at 1.5 [87],
pure Mg at 1.508 and 1.5 [93, 94], AA1050 at 1.5 and 2 [83]. AR where the speed of
the lower roller was faster than the upper roller was used for steel-S355J2G3, with
speed ratio of 1.01-1.15 [95], for steel-Q235 at 1.02-1.19 [96], for Si-steel at 1.1251.5 [97], and for AA6xxx at 2 [98].
Several studies have revealed that an increased rolling speed can apply equally to
the top or bottom roller. A range of speed ratios between 1.02 to 2 [96, 98] have been
used, but it has been reported that the highest anisotropy value R was obtained with a
speed ratio of 1.4 [90]. A high normal anisotropy value (R value) indicates that the
formability of a material is also better [75].

2.5 Tensile testing
The effects of the thickness and preheating temperatures on the strength of 0.1
mm thick AA3003 aluminium annealed at 500 oC showed that the flow stress of
rolled specimens had decreased and the width had reduced from 20 to 1 mm [99].
With CuZn36 material, as the thicknesses ranged from100 to 500 μm, the material
properties varied significantly during micro-forming [100], while the flow stress for
brass (CuZn36) also reduced as the thickness decreased [101]. Moreover, the strength
of the material decreased when the t/d ratio (thickness/grain size) was reduced [102].
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For micro-forming, the correlation between the grain size and tensile strength of the
material needs further exploration.
While micro-forming copper (H3101) that had been rolled to 55 to 162 µm thick,
the Holloman equation σ = Kεn, and the strength coefficient (K) and strain hardening
coefficient (n) had been influenced significantly by the thickness, as had the width of
the specimen and the loading direction [100]. Another consideration in microforming is the accuracy of the tensile test; so when tensile tests were carried out on
stainless steel (18Cr9Ni) micro-sized at 25 to 75 µm, they indicated that the
eccentricity of the inserted set can affect the localisation of strain tensile specimens,
and therefore it should be minimised [53]. Tensile tests were also conducted on
sheets of copper (Cu 99.9 %) that ranged between 0.56 and 1.63 mm thick, to
determine their strength [103].
Tensile test on Al 2S (99.0-99.5 %-DIN1747) with thicknesses of 0.17 to 2.0 mm
[104] indicated that the flow stress decreased for the thinner specimens, while tensile
tests of SE-Cu58 (99.95 % Cu) materials with a foil thickness ranging from 27 to 511
µm indicated that finer grains were required for micro-forming [66]. The
microstructure of an IF steel sheet consists of very fine particles of ferrite particle
that are responsible for higher formability while deep drawing [105].
The micro-scale tensile test of very thin specimens, 25 and 10 μm thick, was not
carried out because it was difficult to prepare the specimens [106].
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2.6 Anisotropy of materials
Anisotropy is the difference between the physical or mechanical properties of a
material when measured in a different direction; unlike isotropy which implies
identical properties in all directions.
Earing is caused by the presence of a material anisotropy which is expressed in
terms of Ravg and R is expressed by equations (2.1) and (2.2) [45] [43] [107] [108].
There are two kinds of conditions influenced by the values of Ravg and R; if the
value of Ravg is higher, the formability of the material will increase but if the value of
R is towards zero, earing will decrease, however, if the value Ravg has decreased,
the formability of the material will be reduced and if R is getting away from a zero
value, then earing will be higher.
Normal anisotropy (Ravg) is related to formability in deep drawing and rolling,
where formability has commonly been expressed in LDR or Ravg. Normal anisotropy
has been considered in the rolling process for IF steel [92], AA6xxx-T6 [98], and
duplex stainless steel (SS-2205) [90], but for deep drawing, normal anisotropy was
investigated in IF steel [107], mild steel-DC06 [109], AA7075-O [2], AA2090-T3
[110], and Phosphor bronze-C5191 [108].
The Ravg for some materials are as follow: 2.59 at 90o rolling direction (RD) for IF
steel [107], 2.53 at 90o RD for mild steel-DC06 [109], 0.9 at 0° RD and annealed at
400oC for AA7075-O [2], 1.58 at 45o RD for AA2090-T3 [110], 1.08 at 90o RD with
sheet reversal between the rolling cycles for IF steel [92], 1.2 after asymmetric
rolling process (AR) for AA6xxx-T6 [98], 0.71 after the AR (speed ratio of 1.4)
process and annealed at 1050oC for stainless steel (duplex 2205) [90], and 2.45 at 0o
RD for Phosphor bronze-C5191 [108]. A high normal anisotropy indicates that the
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material has high formability. IF steel has a high Lankford coefficient, mild steel is
referred to as an anisotropic material, and since Phosphor bronze contains Tin which
has a recrystallisation temperature below room temperature, the formability of
Phosphor bronze is higher [111]. AA2090-T3 has a strong anisotropy at 1.58 on 45o
RD [110] and AA6xxx-T6 has a normal anisotropy increase when it is processed
through a combination of strip casting and AR [98]. A normal anisotropy between
2.7 and 4.8 for pure Titanium, 1.6 mm thick was obtained [112]. The highest value of
normal anisotropy belongs to pure Titanium, followed by IF steel containing
Titanium, mild steels (DC06), Phosphor bronze, AA2090-T3, A6xxx-T6, AA7075O, while stainless steel has the lowest.
Normal anisotropy increased to 1.08 and planar anisotropy was reduced to 0.07
after an IF steel was rolled in AR and the sheet direction was reversed between
rolling cycles [92]. As a result, the formability of deep drawing can be improved and
earing on the edge of the cup wall can be minimised. Normal anisotropy decreased to
0.78 with symmetric (conventional) rolling (SyR) and AR to 1.2 and the resulting
increased planar anisotropy increased to 0.33 with SyR and 0.17 with AR [98].

2.7 Simulating the deep drawing process
Experiments based on trial and error have been conducted to obtain a particular
combination of parameters that will produce a good cup, but trial and error can be
time consuming. Numerical simulations have been widely used in micro-forming to
obtain more information such as the punch force, and the stress/strains in the cup that
lead to wrinkles and tears. It can be used to develop effective optimisation techniques
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to control and optimise the process parameters. For example, FEM can be a valuable
tool for assessing the performance of various blank holders [113].
A process of deep drawing a square cup from mild steel was simulated using a
Vumat sub-routine of Abaqus software with 3D brick elements [114]. The effect of
BHP on a wrinkle in the formation of a square cup showed that as the BHP
increased, the wrinkles were reduced, and then disappeared when the blank holder
pressure reached 2.03 MPa.
A model of conventional materials cannot describe material behaviour in a micro
scale because of the size factor. Most of the knowledge obtained in traditional
macro-forming is not suitable for micro-forming, which is why numerical
simulations can provide the results of a punch force and Mises stress/strain
distribution, with and without considering the size factor [115]. A simulation of
micro stamping parts, by considering the size factor, showed that a von Mises stress
distribution was lower than if it had not considered the size factor [54].
Determining the true stress is not entirely correct when localisation occurs,
because the effective stress in the necking region has deviated from the longitudinal
stress [116]. The results of a simulation which was verified by an experimental deep
drawing of Cu alloys showed that wrinkles can be eliminated if their initial height is
not more than 200 μm [31]. An FE simulation also showed that deep draw ability can
also be improved due to a reduction of ductile damage with a blank holder control.
The BHP required to eliminate wrinkles increased rapidly when the thickness
decreased; this was strongly influenced by the thickness of the blank and the
coefficient of friction between the blank and tools [117]. An increase in the punch
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force is needed in deep drawing if the radius of die is decreased, but if the BHP
increases, the punch force required also increases [118].
The LDR can reach 2.0 on a forming temperature at 150 oC and a drawing
velocity of 15 mm/s. A simulations showed that variable BHP technology can
improve the LDR from 3 to 3.5, and also decrease the wall thinning ratio from 15.21
to 12.35 % [21].
Two different Al alloys were used to simulate circular cup drawing using Deform
2D. The depth of the deeper cup was obtainable at high temperatures, and a forming
limit and necking location was also successfully predicted in the simulation. The
optimum temperature in both blanks resulted in a uniform maximum depth of cup
being obtained in the deep drawing process [119].
The FEM software Deform-3D was used to simulate the elliptical cup deep
drawing of Mg alloy sheet at high temperatures. FEM was also used to investigate
the effective stress and forming force in various conditions of process parameters,
including the die corner radius, the clearance between the punch and the die cavity,
and the BHP and temperature [63].
A pure copper flow stress behavior was determined experimentally, as were
simulations that had a good agreement between the load-stroke curves in the
extrusion of a micro double cup [120].

36

Chapter 3 Characterisation of processed strips

Chapter 3 Characterisation of processed strips

The experiments conducted in this study were designed to test the mechanical
properties and characterise the microstructure and diffraction of AA1235/H14 foil.
The mechanical properties included hardness, tensile tests, anisotropy, and a surface
roughness. The microstructure was characterised by optical microscopy, the electron
backscattered diffraction method (EBSD) using scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). A diffraction pattern was
obtained by X-ray.

3.1 Mechanical properties tests

3.1.1 Hardness test
A hardness test was performed on AA1235 material from the 4-cycle ARB
process to determine how the sample temperature and holding time in the furnace
would affect this material after being rolled through the ARB process. The sample
was cut at 15 x 10 mm, and was 0.35 mm thick, and the surface was polished with
alumina powder. The samples were then heated to 150, 160, 175, 185, and 200 oC
with holding times of 30 minutes, 2 hours, 5 hours, 10 hours, and 24 hours,
respectively.

Some results of this chapter have already been published:
Hadi, S., Tieu, A. K., Lu, C., Zhu, H.T., A micro deep drawing of ARB processed
aluminium foil AA1235. International Journal of Materials and Product Technology,
2013. 47(1/2/3/4): p. 175-187.
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Hardness test were performed on the samples and tools. The hardness of the
materials, as a result of the 4-cycle ARB process with 72 layers, was measured. The
hardness of the tools was measured on the top and inside diameter surfaces of the
die, the flat and cylindrical surfaces of the punch tip, and the lower surface of the
blank holder, using an Indentec micro hardness tester with a load of 1 kg (HV1). The
loading period in the hardness measurement was 12 seconds in the Indentec hardness
tester with a CCD camera and LCD line [121]. Each heat treatment was measured by
15 points 2.5 mm apart, to ensure data accuracy.
Residual stress reduction was carried out by stress relieving at 150, 165, 175,
185, and 200 oC, with holding times of 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours,
10 hours, 24 hours, and 48 hours. The results of hardness tests are shown in Fig. 3.1,
and indicate that the hardness had decreased significantly after holding times ranging
from 0.5 to about 8 hours.

Fig. 3.1 Hardness of ARB-SR material, Hille100 rolling mill, 4 cycles, 72 layers, code: F

The average hardness on the upper surface of the die was 818.6 VHN, and the
cylindrical surface hardness of the punch tip was 756.1 VHN, which was measured
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within 3 mm of the flat end of the punch. The flat end of the punch had a hardness of
859.1 VHN and the bottom surface of the blank holder was 700 VHN.
Stress relieving helped to form a deeper cup without tearing from a 15 mm
circular blank, and there were no wrinkles on the wall. However, the cup from the
ARB processed material at 175 oC for 8 hours was torn at the corner between the
bottom and the cup wall. It was found that a temperature of 200 oC and a holding
time of 8 hours in an electric furnace was enough to produce a good cup.

3.1.2 Tensile test
Tensile tests were carried out on the foil with thicknesses ranging from 16, 41, 70,
130 and 300 µm. The AA1235 received from the manufacturer [122] contained the
following elements: Al = 99.350 %, Fe = 0.420 %, Si = 0.100 %, Ti = 0.020 %, Zn =
0.012 %, Ni = 0.003 %, Mn = 0.002 %, Cu = 0.001 %, and others = 0.030 %. The
shape and size of the tensile specimens were carried out according to Australian
standards (AS1391) [123], as shown in Fig. 3.2. The tensile test specimens were
annealed at 450 oC for 4 hours, and then air cooled after being taken out of the
furnace.
The strain across the width and through the thickness of the tensile test specimens
was measured before breakage. Withdrawal to anisotropy test was expected to be
around 15 to 20 % of elongation for the first specimen [43]. An anisotropy test on
aluminum alloy materials for beverage cans was carried out at a strain of 20 % [41].
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Fig. 3.2 Size of the tensile test specimens for AA1235 [123]

To measure the surface roughness of the sample accurately means placing it in a
stable holder, so the object will not move when measuring the tools (die, punch and
blank holder), because they are cylindrical.

3.1.2.1 Flow stress versus thickness
Aluminium foil (AA1235/H14) with thicknesses of 16, 41, 70, 130, and 300 µm
and a width of 3, 6, and 12.5 mm, prepared according to the prescribed standard
[123], were annealed at 450oC for 4 hours (FA), and then duplicate tensile tests were

performed to ensure repeatability. Tensile testing of the first and second groups was
prepared using 3 samples of each specimen thickness and width. Tensile testing was
carried out by using a Shimadzu Tensile Testing Machine at a withdrawal speed of
10 mm/minute. The tensile force and displacement data were processed in order to
obtain true stress-strain curves for each specimen thickness and width.
In this study the mechanical properties of Al foil related to the thickness (16-300
m) and width of the specimen, and the grain size, were also identified. It was
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necessary to carry out micro-forming as a deep forming process. The relationship
between flow stress and specimen thickness for the AA1235 material is shown in
Fig. 3.3. The flow stress decreases linearly with thinner specimens.

Fig. 3.3 Relationship between flow stress and specimen thickness of AA1235-FA
condition

Fig. 3.4 Flow stresses of AA1235-FA condition with thicknesses of 16, 41, 70, 130, and
300 µm

The total number of tensile specimens for the first and second groups was 24
pieces, with 6 pieces each for thicknesses of 41, 70, 130, and 300 µm, all with a
constant width of 12.5 mm. Each point in Fig. 3.3 was created from average of 6
tensile specimens, except for 16 µm specimen’s thickness where one specimen per
data point was used to the difficulties in obtaining consistent and reasonable results.
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The relationship between the flow stress versus strain for five specimen thicknesses
is shown in Fig. 3.4. For thicknesses of 41, 70, 130, and 300 microns, the
experimental curves were the closest to the regressed trend line curves. Tensile
testing of the 16 μm thick sample did not provide enough reliable data, but an
example of the curve is shown for the purpose of illustration.
An equation for each group of curves representing the thickness of AA1235
material was obtained. The general equation is shown in Table 3.1 and equation
(3.1).
Table 3.1 Flow stress equations of each thickness for AA1235-FA condition
No.

Thickness (µm)

Equations

1
2
3
4
5

16
41
70
130
300

σ = 28.19 ε0.53
σ = 42.66 ε0.26
σ = 41.69 ε0.27
σ = 38.02 ε0.30
σ = 39.81 ε0.27

(3.1)
The high exponent for 16 m thickness reflects the difficulty and uncertainty
encountered with the tensile testing a thin specimen, and because it was difficult to
prepare samples, the micro-scale tensile test specimens were separated based on
thickness, particularly for small values such as 25 and 10 μm [106].
A summary of the flow stresses on the 12.5 mm wide specimens with thicknesses
of 16, 41, 70, 130 and 300 μm are shown in Fig. 3.5. Variations of flow stress to the
width of the specimens annealed at 450 oC for 4 h, are shown in Fig. 3.5a.
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Fig. 3.5a Variation in maximum flow stress of AA1235-FA condition with thickness for
specimen width of 12.5 mm

Fig. 3.5b Variation in tension stress of Al 2S with thickness [102]

Fig. 3.5a illustrates the findings obtained from the tensile tests of AA1235 that are
related to specimen thickness. They showed a decrease in flow stress from a
thickness of 70 to 16 μm. These findings were similar to those obtained from Al-2S
(99 to 99.5 %-DIN1747) materials, which also showed decreases in thickness from
2000 to 170 μm (Fig. 3.5b) [102]. The differences between this study and other
studies on Al-2S are due to differences in the series of materials, and the use of true
stress and engineering stress [103].
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3.1.2.2 Flow stress versus width and grain size
The variations of flow stress to the width of the specimen that was annealed at
450 oC for 4 h are shown in Fig. 3.6. With regard to the specimen width, tensile tests
performed on AA1235 with a thickness of 41 and 70 m (Fig. 3.6a) showed that the
average flow stress increased by 1.93 % when the width gradually narrowed from 6
to 3 mm and then increased by 8.6 % when the width increased from 6 to 12 mm.
These findings are similar to findings about the 0.1 mm thick 3003 Al foil material
that had been rolled and annealed at 500 oC [100]. When the width of the specimen
decreased from 6 to 3 mm, the stress also decreased gradually by about 1.1 %, and
increased slightly from 6 to 10 mm. However, when the width increased from 6 to 20
mm, its value remains constant. The difference between the finding in this study and
other studies on Al foil 3003 may be due to a different material series between
AA1235 and AA3003, and different annealing temperatures and experimental scatter
[100].
The plot of flow stress versus sample width for 70 and 41 μm thick AA1235
annealed at 450 oC for 4 h are shown in Fig. 3.7. The trend line shows that the flow
stress increased for specimens of AA1235 that were 1, 3, and 6 mm wide and 41 μm
thick, but it decreased at 70 μm thick (Fig. 3.7). There was more scatter for samples
that were 41 μm thick.
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Fig. 3.6a Variation in maximum flow stress of AA1235-FA condition with specimens
width

Fig. 3.6b Variation in maximum flow stress of AA3003 annealed at 500 oC for 1 h with
specimens width [100]

Fig. 3.7 Variation of flow stress to a specimen width of a thickness of 41 and 70 µm of
AA1235-FA condition
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The relationship between true stress and strain can be expressed by the Holloman
equation (3.2),
σ= K εn

(3.2)

where σ is the true stress, ε is the true strain, K is a material constant, and n is the
strain hardening coefficient [51]. The stress/strain relationship for AA1235 according
to equation (3.2) can be formed as following:

(3.3)
where σ is the flow stress, t is the specimen thickness (μm), and ε is the strain.
The Hall-Patch equation relating the stress and grain size can be written as shown
in equation (3.4) below,
σ = σ0(ε)+khp(ε)/√d

(3.4)

where σ0(ε) and khp(ε) are constants at a specific strain, ε, and average grain size, d,
respectively.
The Hall-Patch equation indicated that the material flow stress increased with
reduced grain size due to the increased number of internal grain boundaries caused
by a decrease in the average grain size which prevented the dislocated grains from
moving freely [51].
The correlation between specimen thickness (t) and grain size number (G) [124]
of AA1235 is shown in Table 3.2. The lowest tensile stress was obtained at a
thickness of 16 μm and the highest tensile stress at a thickness of 70 μm. The
thickness/grain size ratio (=t/d) of 1.26 corresponds to a flow stress of 59.6 MPa for
a thickness of 16 μm and an average grain size (d) 12.7 μm, which is 23.69 % lower
than the 78.1 MPa for a thickness of 70 μm. The relationship between average grain
size (d) and thickness (t) of AA1235 is presented in Fig. 3.8.
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d = 4.395 t0.387

(3.5)

Table 3.2 Correlation between t and grain size number (G) of AA1235 foil
Thickness,
t (μm)

Ratio
t/d,


Grain size
number
[124] (G)

True
TS*,
(MPa)

YS,
(MPa)

16

Average
grain
size,
d (μm)
12.7

1.26

9

59.6

42

41

19.2

2.13

8

71.2

32

70

22.8

3.07

7.5

78.1

37

130

27.7

4.70

7

73.6

31.5

300

40.9

7.34

6

74.2

38

Note: *TS: tensile strength

Fig. 3.8 Grain size versus thickness of AA1235

Flow stress of AA1235 in terms of the average grain size using equation (3.5) can
be expressed by the following equation,

(3.6)
where σ is the flow stress (MPa) and d is the average grain size (μm).
Grain size (d) of AA1235 for thicknesses of 16, 41, 70, 130, and 300 μm were
measured by a prescribed standard [124]. The average grain sizes were 12.7, 19.2,
22.8, 27.7 and 40.9 μm, which correspond to the number of the grain sizes 9, 8, 7.5,
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7, and 6 respectively. The relationship between yield strength and φ for AA1235 is
shown in Fig. 3.9a.

Fig. 3.9a Variation of yield strength and φ with the log scale of AA1235

Fig. 3.9b Variation of yield strength and φ with the log scale of Al 2S [102]
Based on the  (ratio t/d) for Al-2S, (99-99.5 % Al, DIN 1747) specimens, the
yield strength increased from  by about 1.5 to about 15 (Fig. 3.9b). While the yield
strength of AA1235 decreased to a minimum value and then increased with .
AA1235’s yield strength was lower than the tensile test results of Al-2S (Fig. 3.9b)
[102]. A correlation between  and the strength of AA1235 is shown in Fig. 3.10.
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Fig. 3.10 Correlation between t/d ratio (φ) to its strength of AA1235-FA condition

3.1.3 Anisotropy test
An anisotropy test was carried out for AA1235 in FA condition. The results for
other three conditions were also obtained, i.e., an ARB process, an ARB process
followed by stress relieving process [75], and an ARB process followed by
asymmetric rolling process. Samples were cut from the material at 0, 45 and 90o to
the RD into 3 pieces, and then a tensile test was carried out at a speed of 0.1
mm/minute. The test results of anisotropy were measured many times in the form of
strain ratios across the width and through the thickness.
Test specimens for anisotropy had a nominal thickness of 0.300 mm, a nominal
width of 3 mm, and a nominal gauge length of 19 mm for the AA1235 material under
FA conditions. The nominal thickness of material for the three ARB processed
samples (ARB, ARB and stress relieving, and ARB process followed by AR), were
3.1, 3.6, and 1.3 mm respectively. The nominal width was 3 mm and nominal gauge
length was 19 mm, which was the same for all four materials with different
treatments. To maintain accuracy, the actual thickness and width of the specimen for
testing anisotropy was measured 3 times, while the gauge length was measured once
before and after withdrawal.
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Earing is caused by material anisotropy, which is expressed in terms of normal
anisotropy Ravg and planar anisotropy R according to equation (2.1) and (2.2) [45]
[43] [108]. The formula from equations from (2.1) is Ravg = (R0 + R90 + 2R45)/4, and
from (2.2) is R = (R0 + R90 - 2R45)/2. R is the strain ratio across the width and
through the thickness of tensile test specimens (R=w/t). If R is equal to zero, then
there is no earing [43], but if the value of Ravg is higher, the formability of the
material will increase, and if the value of R moves toward zero, then earing will
decrease. The anisotropy values of AA1235 with various conditions are shown in
Table 3.3.
The respective Ravg values for different treatment conditions: FA, ARB4c,
ARB4c-SR, and ARB4c-AR are 0.639, 0.594, 0.651, and 0.420. The highest value of
0.651 for Ravg ARB4c-SR conditions was associated with the highest LDR achieved
where a cup was formed without tearing. This indicates that the greater the value of
Ravg, the higher the formability of a material will be. Moreover, earing was also
greatly reduced for ARB4c-SR material conditions compared to the FA condition.

Table 3.3 Anisotropy of AA1235 materials under various conditions
No.

Treatment

Ravg

R

Grain

LDR

Remark

Size (µm)
1

FA 450 oC, 4h

0.639

0.556

40.9

2.003

High earing cup &
no wrinkles

2

ARB4c

0.594

0.278

1.75

1.88

Torn cup

3

ARB4c-SR 200 oC,
8h

0.651

-0.022

2.15

2.003

Very low earing
cup & no wrinkles

4

ARB4c-AR-Vr 1:1.3

0.420

-0.040

1.655

1.88

Torn cup

Note: FA: full annealed, ARB: accumulative roll bonding, AR: asymmetric rolled, SR: stress relieved,
Vr: speed ratio.
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The values of Ravg and R for the FA condition were 0.639 and 0.556
respectively. Ravg and R of the material conditions of ARB4c-SR were 0.651 and 0.022. The value of R for conditions ARB4c-SR was smaller than the FA condition,
so earing was reduced. However, ARB4c material cannot be fully drawn because the
material became harder after the ARB process, so to reduce its hardness meant that a
stress relieving process was required.
Refining the grain size through the ARB process followed by stress relieving can
lower the planar anisotropy and reduce earing. Unlike the anisotropic behaviour of
AA7075 annealed between 270 to 450 oC, R from 0.240 to 0.285 and Ravg values of
0.64 to 0.90 were produced [2]. The conditions for ARB4c-SR had a higher
formability than FA or ARB4c, because of the higher value Ravg at 0.651 compared
to 0.639 of the FA, and 0.594 for ARB4c. A high normal anisotropy Ravg will
produce a high limiting drawing ratio (LDR) following a linear relationship [75]
[125, 126].
Normal anisotropy (Ravg) of the 4-cycles ARB process, followed by AR with a
speed ratio of 1:1.3, was 0.420. This was lower than the results of the 4 cycle ARB
process only, with a value 0.594. However, the planar anisotropy (R) decreased to 0.040, which was better than the results of the 4-cycles ARB process, with a value of
0.278. When this material was deep drawn it produced a cup that was torn at the
corner. The relationship between Ravg and LDR in deep drawing of AA1235 material
is shown in Fig. 3.11.
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Fig. 3.11 Relationship between Ravg and LDR in deep drawing of AA1235

It was concluded that normal anisotropy (Ravg) and the coefficient of friction (μ)
play an important role in influencing the LDR value, rather than the strain hardening
coefficient (n) and the ratio between the thickness of the sheet to the radius of the die
[125]. The LDR obviously increased with an increasing value of normal anisotropy,
but it was reduced significantly as the coefficient of friction increased, then
decreased slightly by the ratio between the thickness of the sheet and the radius of
the die. Thus the higher the normal anisotropy of a material and the lower the µ
between the materials and tools, the higher the value of LDR will be.
An LDR value of 1.98 was achieved while deep drawing AA7075-O material that
was 1.1 mm thick and had been annealed at 400 oC with 0.9 normal anisotropy and
planar anisotropy of -0.24 [2]. For an LDR value of 2.003, the 0.3 mm thick AA1235
material that had been annealed at 450 oC for 4 hours, the corresponding normal
anisotropy and planar anisotropy were 0.639 and 0.556 respectively.
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3.2 Surface roughness test
An accurate two-dimensional surface roughness measurement was obtained by
placing the sample in a stable holder. Samples were placed onto a flat table to
measure the two-dimensional roughness, but cylindrically shaped tools (die, punch
and blank holder) were placed on a stable holder on the table to obtain surface
roughness measurements.
The surface roughness of the raw material (AA1235) was observed by atomic
force microscopy (AFM). Three-dimensional images of the surface profile for
material that was 300 and 130 µm thick are shown in Fig. 3.12 and Fig. 3.13.
Furthermore the roughness parameters of average roughness (Ra), root mean square
roughness (Rq), Skewness (Sk) and Kurtosis (K) are shown in Table 3.4.

Fig. 3.12 Three dimensional surface profile of AA1235 specimen with thickness of 300
µm
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Fig. 3.13 Three dimensional surface profile of AA1235 specimen with thickness of 130
µm
Table 3.4 Ra, Rq, Sk, and K of Al foil of AA1235 determined by AFM

No.

Thickness,

Ra

Rq

Sk

K

t (μm)

(nm)

(nm)

(nm)

(nm)

1

300

17.859

26.675

0.830

32.032

2

130

21.490

32.595

0.782

10.066

3

70

19.518

10.303

-0.742

12.826

4

41

36.088

58.635

-1.166

10.583

5

16

35.509

49.335

1.282

8.632

Three-dimensional surface profiles were measured with AFM for raw AA1235
material, with a scan size of 50 µm, as shown in Figs. 3.12 and 3.13, for a thickness
of 300 and 130 µm. Different surface profiles emerged from the final rolling process.
The Sk values for 70 and 41 µm thick materials had negative values of -0.742 and 54
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1.166 nm respectively, indicating that the roughness profile had some valleys.
Skewness indicates an asymmetry value of the probability distribution of the height
of the roughness profile [127]. Positive values for Sk on raw material that was 300,
130 and 16 µm thick indicated that the roughness profile had some peaks.
The Kurtosis values for the surfaces of materials that were 300, 130, 70, 41, and
16 μm thick were greater than 3, which indicated that the roughness profile had many
high peaks and low valleys [128] [129]. The Kurtosis values were used to evaluate
the sharpness of the probability distribution of the height of the profile [127]. A
Gaussian distribution has a Kurtosis (K) value equal to 3. If K < 3 then the
distribution has a few high peaks and low valleys and the surface is relatively flat,
but if K > 3 then the distribution has many high peaks and low valleys and the
surface is relatively rough [129].
The surface roughness of the materials and tools in the ARB process were
measured by a Hommelwerk tester. A roughness profile of the results with the twodimensional method is shown as an example of the roughness of the top surface of
the die, with a diameter of 8.26 mm in the radial direction between the radii of 5.2
and 10 mm, as shown in Fig. 3.14.
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Fig. 3.14 Profile of surface roughness by a Hommelwerk tester

The surface roughness and Kurtosis of 4 cycles of ARB material, prior to and
after rolling was performed in the rolling direction (RD) and the transverse direction
(TD). These are shown in Figs. 3.14, 3.15 and Table 3.5.
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Table 3.5 A value of the surface roughness and Kurtosis for ARB materials for 4 cycles
Rolling
RD
No.

Cycle(s)

TD

RD

TD

Ra (µm)

Layers

K

Before

After

Before

After

Before

After

Before

After

1

1st

9

1.22

0.11

1.08

0.19

3.92

0.40

3.13

0.59

2

2nd

18

1.04

0.23

1.09

0.40

3.09

0.48

3.47

0.89

3

3rd

36

1.06

0.19

1.10

0.23

3.19

0.63

3.19

0.73

4

4th

72

0.72

0.19

0.82

0.23

2.19

0.63

2.40

0.65

Fig. 3.15 Ra for ARB material for 4 cycles

The surface roughness of the material after the ARB process decreased, both in
the RD and the TD. In the first rolling cycle the Ra decreased from 1.22 to 0.11 µm
for RD and from 1.08 to 0.19 µm for the TD. The surface roughness on rolling in the
first cycle had a greater reduction than with the subsequent second, third, and fourth
cycles, due to the dominant effect of the work roll surface roughness, as shown in
Fig. 3.15.
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Fig. 3.16 Values of Kurtosis for ARB material for 4 cycles

The Kurtosis value for the material after the ARB process decreased, both in the
RD and in the TD. At the first rolling, K decreased from 3.92 to 0.40 and from 3.13
in the RD to 0.59 in the TD. The K value in the first cycle had a greater reduction
than the second, third, and fourth cycles for RD, but it was not the biggest drop for
TD, as shown in Fig. 3.16.
The original K value was greater than 3, indicating that the surface was relatively
rough. After experiencing the first rolling, its value decreased drastically to 0.4,
which means that the surface condition changed from being relatively rough to being
relatively flat due to the surface roughness of the work roll.
The most dominant parameter in surface roughness is Skewness (Sk). The more
negative the parameter, the lower the friction that can be expected, although the
average value of surface roughness is higher [130]. The skewness for 4 cycles of
ARB materials decreased for the second cycle until it reached negative values. This
occurred because the value of K had changed from a value greater than 3 to below 3,
which indicated that the surface was relatively flat. Thus it can be said that friction
has reduced, which is characterised by negative skewness values of -0.42, to become
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-1.13 in RD, and 0.48 becoming -1.24 in TD, as shown in Table 3.6 and Fig. 3.17.
The more negative the skewness parameter is, the lower the friction will be [130],
because the surface has become flat and resistance has reduced.
Table 3.6 A value of the Skewness for ARB materials for 4 cycles

No.

Cycle(s)

Before

After

Before

After

rolling

rolling

rolling

rolling

RD

Layers

TD

tred (%)

Rsk

Rsk

Rsk

Rsk

(µm)

(µm)

(µm)

(µm)

1

1st

9

0.26

0.41

0.44

1.38

63.78

2

2nd

18

-0.42

-1.13

0.48

-1.24

65.98

3

rd

36

0.61

0.47

0.22

0.60

72.28

th

72

0.44

0.05

-0.06

0.15

53.73

4

3

4

Fig. 3.17 A value of Skewness for ARB material for 4 cycles

The surface roughness (Ra, Rq, Sk and K) of tools is measured at the contact
surface between the tool and the blank material. The roughness values for the
cylindrical surface of the punch tip, the top surface of the die, the inside diameter of
the die, and the bottom surface of the blank holder, are shown in Table 3.7.
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Table 3.7 Values of the surface roughness of tools

No.

Surface

Ra

Rq

(µm)

(µm)

Sk

K

1

Cylindrical surface of punch

0.25

0.32

-0.49

3.97

2

Top surface of die

0.11

0.14

-0.77

6.23

3

Inner diameter of die

0.48

0.77

-1.39

14.13

4

Bottom surface of blank holder

0.11

0.16

-0.11

6.22

It can be concluded from surface roughness measurements on blank material, the
material results of 4 cycles of ARB process, and from tools, that the surface of the
tool is much smoother than the surface of the blank material. They are approximately
the same as the material results for the ARB process. As a result of the ARB process,
the Ra values for tools, blanks, and materials ranges from 0.11 to 0.48 µm (Table
3.7), from 17.86 to 36.09 µm (Table 3.4), and from 0.11 to 1.22 µm (Table 3.5).
The range of Sk values for tools, blanks, and materials, as a result of the ARB
process, varied from -0.11 to -1.39 (Table 3.7), from -1.17 to 1.28 (Table 3.4), and
from -1.13 to 1.38 (Table 3.5). This shows that the Sk values for blank materials were
more negative than for the tools and materials after ARB processes. The K values for
tools, blanks, and materials as a result of the ARB process, were from 3.97 to 14.13
(Table 3.7), from 8.63 to 32.03 (Table 3.4), and from 0.40 to 3.92 (Table 3.5). Most
of the K values were greater than 3, so most of the surfaces of the three components
were relatively rough.
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3.3 Microstructure characterisation
3.3.1 Optical microscopy for micro structure of raw materials
The microstructure of AA1235 material was observed using an optical
microscope. The raw materials were 16, 41, 70, 130, and 300 µm thick, and were cut
and molded with a material made from copper powder, which made them conductive
and easy to hold. A metallographic process commenced by cutting a sample, molding
it with copper powder, mechanically grinding it with abrasive papers for a certain
mesh, electro-polishing, observing the microstructure under a microscope, and taking
pictures. The micro structural images were then analysed using VideoPro32 software
previously installed in the optical microscope (Leica DMRM-DFC295), to determine
the grain diameter. Determining the microstructure of the grain diameter was based
on a standard [124].
The surface of the AA1235 specimen was polished with alumina powder.
Mechanical grinding with SiC abrasive papers can embed abrasive particles into the
soft surface, so water was used while grinding to flush the particles away. It is also
recommended that grinding be carried out with low pressure on the specimen.
Polishing was done using alumina powder (Al2O3) with grain diameters of 5, 1, and
0.5 µm. A very smooth, scratch free surface was achieved by electro-polishing
(electro-chemical polishing) using Barker's reagent (5ml HBF4 (48 %) + 200ml.
H2O) [131], with the time set to 120 seconds, 0.6 A, 16 oC, and 24 V.
An image of the microstructure of AA1235 at 300 μm thick is shown in Fig. 3.18.
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Fig. 3.18 Grain structure of AA1235 of thickness of 300 µm (scale bar: 75 µm)

3.3.2 EBSD
The grain size of AA1235 for the treatment of various conditions was observed by
using a JEOL JSM-7100F SEM with the EBSD method. Seven surface specimens
were prepared from the cross section, in line with the RD. EBSD specimens for
AA1235 were materials with FA conditions; ARB with 2 cycles, and with 4 cycles;
ARB with 4 cycles followed by AR for 1 cycle with a speed ratio of 1.3: 1, and 1.4:1;
ARB with 4 cycles followed by stress relieving at 175 and 200 oC for 8 hours each.
The results of scanning AA1235 with the EBSD method in the cross section in the
RD are summarised in Table 3.8. The images of scanning with the EBSD on the
cross section in the RD are shown in Fig. 3.19 to Fig. 3.25.
There was a difference between the measurements of the average grain size of the
material AA1235 FA conditions. Those measurements obtained from an optical
microscope were 40.9 µm (Table 3.2) while the results obtained by EBSD were
smaller by 25.09 µm (Table 3.8) (38.66 %). These differences were possible because
the low angle grain boundary cannot be clearly observed in the optical microscope,
and the EBSD results do not depend on the process of etching and imaging
techniques [132]. The difference for low carbon steel materials obtained by optical
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image analysis (SIS imager analysis package) was 14.22 µm, and the value obtained
from the EBSD method was smaller by 9.24 µm (35.02 %) [132]. The acquisition
shows the difference percentage value is between 35.02 and 38.66 %.
Table 3.8 EBSD scanning results with AA1235 in the cross-sectional direction of the RD

The AA1235 specimens for examination in the SEM with the EBSD method were
mounted with Polyfast (a thermosetting resin and Bakelite with a conductive carbon
filler) [133].
Deformation through 4 cycles of the ARB process can reduce the original
diameter of 25.09 µm grains to 1.773 µm, and further deformation through an AR
can reduce the grain size to 1.655 µm for AR with a speed ratio of 1.3:1, and 1.633
µm for a speed ratio of 1.4:1. Although the grain size achieved was quite small,
residual stress was still a problem in the deep drawing process. Stress relieving was
carried out to improve the formability of the AA1235 material. After relieving the
stress at 200 oC for 8 h, the grain size increased to 2.146 µm, and as a result the
AA1235 material was successfully drawn into a good cup. There was also a low level
of earing without wrinkles or tears.
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The ratio between the thickness and grain diameter ( = t/d), achieved by the
ARB process AA1235 after 4 cycles (72 layers) and stress relieved at 200 oC for 8
hours was 1.80 (3.861/2.146) of the original material thickness of 278 µm, divided
by 72 layers to 2.146 µm. The  value obtained was greater than the  value of 1.26
for a thickness of 16 µm (Table 3.2). It has been stated that the formability for microforming is worse when the ratio  (=t/d) for a 26000 brass (1/2) hard (H02) was
decreased [50]. However, this statement does not apply for the AA1235 material,
because a blank of this material processed with 4 cycles of ARB, followed by stress
relieving at 200 oC for 8 hours, can be drawn into a good cup with the ratio  = 1.80.
Even though the ratio  = 2.18 was higher for a 4 cycle ARB processed blank,
followed by stress relieving at 175 oC for 8 hours, a torn cup was produced because
the material still had insufficient ductility for deep drawing, compounded by residual
stress in the material. The material still had a higher hardness than the material that
was stress relieved at 200 oC for 8 hours.

Fig. 3.19 EBSD image on the cross-section in the RD of FA material
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Fig. 3.20 EBSD image on the cross-section in the RD of ARB 2 cycles material

Fig. 3.21 EBSD image on the cross-section in the RD of ARB 4 cycles material
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Fig. 3.22 EBSD image on the cross-section in the RD of ARB 4 cycles material
subsequent stress relieved at 175 oC for 8 h

Fig. 3.23 EBSD image on the cross-section in the RD of ARB 4 cycles material
subsequent stress relieved at 200 oC for 8 h
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Fig. 3.24 EBSD image on the cross-section in the RD of ARB 4 cycles material
subsequent AR at Vr=1.3:1

Fig. 3.25 EBSD image on the cross-section in the RD of ARB 4 cycles material
subsequent AR at Vr=1.4:1

3.3.3 Transmission electron microscopy (TEM)
Images of the microstructure of AA1235 material were obtained by transmission
electron microscopy (TEM). Equipment such as a Philips CM200 field emission
gun/transmission electron microscope (FEG/TEM) equipped with a Bruker energy
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dispersive X-ray (EDAX) spectroscopy system was operated at an accelerating
voltage of 200 kV to observe details of the microstructure.
Fig. 3.26 shows the microstructure of a sample obtained by TEM. In Fig. 3.26 (a),
the as-received material microstructure has a coarse grain which was refined during
the rolling process. After the sixth cycle of ARB, followed by one and two AR
processes, the grains were refined and rolled with a laminate structure, as shown in
Fig. 3.26 (b-c). With further rolling, the grain structure of the laminated material
turned into finer equi-axed shaped grains with an average grain size of 550 nm, as
shown in Fig. 3.26 (d). This means the microstructure along the RD has been
distributed equi-axed, which may increase the ductility and strength during the AR
process [134].

Fig. 3.26 TEM micro-structure of AA1235 samples: (a) as-received material, (b) after
the first cycle of AR, (c) after the second cycle of AR, and (d) after the third cycle of the
AR [135]

3.4 Diffraction pattern for deformed Aluminium foils
AA1235 material was pure Aluminium, with high levels of Al = 99.35 % and 0.65
% of other alloy elements such as Fe, Si, Ti, Zn, Ni, Mn, Cu, and others [122].
The diffraction pattern of AA1235 before and after deformation was obtained by Xray diffraction. The diffracto-meter used for diffracting AA1235 specimens was a
GBC MMA X-ray diffraction unit for thin films and phase analysis. Diffraction was
carried out on these materials in the as-received (As-R) condition, with full annealing
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at 450 oC for 4 hours (FA), an ARB 3 cycles (ARB3c), and ARB 3 cycles followed
by 4 cycles of asymmetric rolling (ARB3cAR4c) with thicknesses of 303, 302, 434,
and 44 µm, respectively. The specimen was circular, with a diameter of 14 mm.
For three cycles of the ARB process of AA1235 material, the total thickness
reduction reached 77 %. Before the material was rolled with ARB it was preheated
for 10 minutes to 200 oC. The four cycles of AR, and three cycles of ARB resulted in
an 87 % reduction in thickness without any preheating.
Diffraction patterns before and after deformation are shown in Fig. 3.27 to Fig. 3.31.

Fig. 3.27 Diffraction pattern of AA1235 in the as received condition, code: As-R303

Fig. 3.28 Diffraction pattern of AA1235-FA condition at 450 oC for 4 h, code: FA302
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Fig. 3.29 Diffraction pattern of AA1235 on the condition of the ARB process 3 cycles
with thickness reduction of 77 %, code: ARB434

Fig. 3.30 Diffraction pattern of AA1235 on the condition of the ARB process 3 cycles
followed by 4 cycles AR with thickness reduction of 87 %, code: ASM44

The results of the diffraction of the AA1235 material after treatment in the
following conditions was: FA at 450 oC for 4 hours, As-R, while ARB3c and
ARB3cAR4c were analysed using the software TRACES.
Aluminium has a face centered cubic (FCC) structure. The size of the lattice
parameter of aluminium, according to [136] is 4.0406 Å. Aluminium has a melting
point of 660 °C with a density of 2.70 g/cm3 [137]. The lattice parameter of 4.0406 Å
[137] (1 Å=0.1 nm) increased slightly to 4.0500 Å [138] (> 0.23 %) after the
AA1235 material was deformed from the starting state of the as-received condition,
processed in 3 cycles of ARB followed by 4 cycles of AR. The as-received thickness
of 0.300 mm was reduced to 0.044 mm after ARB and AR. The peaks that appeared
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are the crystal planes (111), (200), (220), and (311) at an angle of 2 at ~38.5, ~45,
~65, and ~78.5o after diffracted materials. Peaks on the crystal plane (111) rose when
the material condition changed from the As-R to ARB3c. The crystal plane (311) had
also grown from the material conditions of FA into ARB3cAR4c. This means that
the preferred orientation became stronger on these crystal planes.
The AA1235 grain structure on conditions after ARB3cAR4c process was almost
equi-axial, but it was not elongated like material usually is after being rolled. This is
shown by the EBSD image with an average diameter of 1.655 µm, as shown in Fig.
3.24. Thus the X-ray diffraction results may indicate a change in the diffraction
pattern for AA1235 material which was subjected to annealing heat treatment and
deformation through an ARB and AR.

3.5 Summary
Rolling process can result in a strain hardened material that eventually leads to
residual stress and reduced formability when deep drawing a cup. Residual stresses
must be removed in an annealing process to improve formability, but their strength is
then lower. This means that formability is a compromise between ductility and the
tensile strength of a material. The selection of temperature and holding time for
annealing is important because they can dictate the degree of stress relieving. The
stress relieving temperature should be below the recrystallisation temperature.
Heating above the recrystallisation temperature can increase the grain size, and
excessive grain growth should be avoided because the material produced by ARB is
meant to reduce the diameter of the grain, so that thin material can still be formed
with good results. The melting temperature of AA11235 was 660 oC, with a
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recrystallisation temperature of around 200 oC. Full annealing at 450 oC, which is
above the recrystallisation temperature, was considered to be enough to ensure that
any residual stresses that may still exist can be eliminated by allowing the grain to
grow to an optimum size in four hours. With a full annealing process, it would be
expected there would be no more effect on residual stress, due to the previous
process carried out by the manufacturer. Mechanical property tests were carried out
to determine the mechanical properties of hardness, tensile strength, flow stress,
normal anisotropy (Ravg), planar anisotropy (R), surface roughness values, grain
sizes, micro voids in structure, and the diffraction patterns for deformed materials.
Equations of AA1235 material flow stress were obtained for different widths and
thicknesses, and they showed a decreasing flow stress with reduced thickness,
whereas the widths of the sample only had a small effect.
Anisotropy was considered in the occurrence of earing on a cup between materials
that were stress relieved and those that were fully annealed. The LDR achieved was
2.003 for 0.3 mm thick AA1235 material after an annealing temperature of 450 oC
for 4 hours, with respective normal and planar anisotropy values of 0.639 and 0.556.
The results of the deep drawing of these materials produced a cup without wrinkles,
but with high earing.
The normal anisotropy of 4 cycles of ARB, followed by asymmetric rolling with a
speed ratio of 1:1.3, was 0.420, and the planar anisotropy was -0.040. The LDR
achieved was 2.003 for 0.3 mm thick AA1235 material, from an ARB process with 4
cycles followed by asymmetric rolling. The results of deep drawing these materials
produce a cup without wrinkles and with low earing.
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The grain sizes obtained from scanning via SEM with the EBSD method were
intended to determine the ratio between t/d (thickness and grain size) associated with
the formability of a material. The greater the ratio of t/d of a material, the higher its
formability will be.
TEM images of the results showed the effect of the large deformation of AA1235
material after an ARB process of up to 6 cycles followed by an AR of up to 3 cycles.
The average grain size reached 550 nm, which is considered ultra-fine grain (UFG).
The grain size achieved after an ARB process of up to 4 cycles followed by an
asymmetric rolling was 1.633 µm (Table 3.8). The grain size for AA1235 material in
an annealed condition was 25.09 µm, which meant it experienced a significant
refinement of 15.36 times. A blank material can undergo a successful deep drawing
process after ARB process, followed by a stress relieving at 200oC for 8 hours. The
results of the experiment indicate that the material has been successfully formed into
a cup without wrinkles and with low earing, with a ratio  (=t/d) of 1.86.
It can be concluded that the changes in the material properties of AA1235, with a
mechanical or a heating process, generally improve formability. Increases in
formability can be obtained with an increase in normal anisotropy and can refine the
grain diameter. Refining the grain size can be obtained through ARB and asymmetric
rolling. Reductions in the occurrence of earing can be achieved by reducing the value
of the planar anisotropy because an increase in the value of a planar anisotropy
means that a better cup can be formed.
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4.1 Accumulative roll bonding process

4.1.1 Preparation of ARB samples
Accumulative roll bonding (ARB) is a rolling method aimed at obtaining finer
grain diameters and bonding two or more sheets stacked together, and then repeating
this process for the desired number of cycles.
The ARB process was carried out by using a Rolling Mill Hille 100, with 228 mm
diameter top and bottom rolls, and a rolling speed of 10 rpm [88]. The material used
was 140 mm long by 150 mm wide by 0.3 mm thick Aluminium AA1235. A strip of
this material was cut into two halves, brushed, cleaned, stacked, and joined before
rolling.
The sample was pre-heated in a Muffle furnace at 200 oC for 10 minutes before
being rolled. The temperature was measured using a non-contact infrared
thermometer, Model DT-8838, within the maximum distance of 1.5 m. The
emissivity for Aluminum was 0.8.

Some results of this chapter have already been published:
Hadi, S., Tieu, A. K., Lu, C., Zhu, H.T., A micro deep drawing of ARB processed
aluminium foil AA1235. International Journal of Materials and Product Technology,
2013. 47(1/2/3/4): p. 175-187.
Hadi, S., Tieu, A. K., Lu, C., Su, L.H., Yu, H.L, Grain refinement in the formability
of Aluminium thin cup. Materials Science Forum, 2013. 773-774: p. 166-175.
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Pre-heating was also carried out on the ARB process for AA6016 material, at
230oC for 4 minutes before rolling [139]. For AA1050 material in the ARB process,
pre-heating was done at 250oC for 3 minutes [140]. AA6014 material was pre-heated
before the ARB process at 210oC for 2.5 minutes [141].

4.1.2 Rolling of ARB samples of AA1235 for fourth cycles
Since Aluminium has a shiny surface the temperature readings would not be
accurate, so the surface must be sprayed with black paint before pre-heating. There
were 9 sheets for the first cycle, 18 layers after the second cycle, 36 layers after the
third cycle, and 72 layers after the fourth cycle. The data from 4 cycles of the ARB
process showed a reduction in thickness ranging between 62 and 66 %, as shown in
Table 4.1.
Table 4.1 Data for a sample of the G code for 4 cycles of ARB process by Hille100
rolling mill

Thickness (mm)
No. Cycles Layers T (oC) Before roll

tred

After rolled

(%)

t

t1

t2

t3

t4

tav

1

1

9

150.2 9x0.3=2.7

1.010

1.042

1.032

1.000

1.021 62

2

2

18

156.0 1.021x2=2.042 0.818

0.744

0.703

0.803

0.767 62

3

3

36

153.2 0.767x2=1.534 0.583

0.576

0.547

0.530

0.559 64

4

4

72

152.6 0.559x2=1.118 0.410

0.383

0.363

0.370

0.382 66*

The interfaces of the 9 sheets of raw material were brushed and cleaned with
Acetone, then stacked and welded into a single unit with tungsten inert gas (TIG).
Brushing the interface of AA6061 can increase its hardness more than if not brushed
in an ARB process [142]. The stacked sample was then sprayed with black paint so
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that the pre-heating temperature could be measured. After pre-heating at 200 oC for
10 minutes, the sample was removed from the electric furnace, the temperature was
measured, and then it was rolled.
The length of the sample in the rolling direction had increased to more than twice
its original length, depending on the amount of reduction, and a small amount of
edge cracking also occurred.
The Hille 100 rolling mill and associated equipment, Muffle furnace, and infrared
thermometer are shown in Fig. 4.1.

Fig. 4.1 (a) A Hille 100 rolling mill, (b) the control equipment of the Hille 100 rolling
mill, (c) Muffle furnace, and (d) an infrared thermometer

The average temperature readings of the samples were slightly above 150 oC, as
shown in Table 4.1. That means the temperature dropped by almost 50 oC from the
time the furnace was opened and the samples were removed.
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The main failure of the ARB process was edge cracks on both sides of the sample
at high reduction. Reducing the rolling speed to 1 rpm can reduce edge cracks [143].
Edge cracks can be prevented by gradually reducing the thickness, as had been done
in 1100 Aluminum material. This was done via tandem rolling, for a total reduction
in thickness of 75 %, from 4 to 1 mm, in an ARB process with 4 stands rolls, and
thickness reductions of 30 , 40 , 25 and 10 % [144].

4.1.3 Rolling of ARB samples of AA1235 for sixth cycles
The planned reduction in thickness of the first cycle of ARB process was 65 %,
but adjusting the gap between the two rolls had to be repeated several times. A 62.8
% reduction in thickness in the first cycle and 60.0 % in second was considered to be
enough to achieve a good bond. Reducing the thickness in the third, fourth, fifth and
sixth cycles was set around 50 to 55 %, in order to reduce wasting material due to
edge cracking.
Table 4.2 Data for 6 cycles of ARB process with Hille100 rolling mill
Thickness, t (mm)
No.

Cycles

Layers

T (oC)

Before

After

roll

rolled

tred (%)

1

1

13

137

3.900

1.452

2

2

26

154

2.905

1.162

62.76
60.00

3

3

52

151

2.324

1.116

51.99

4

4

104

155

2.231

1.064

52.30

5

5

208

150

2.129

1.023

51.96

6

6

416

145

2.045

0.942

53.92
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4.1.4 Discussion
In the ARB process, if the strip was less than 0.5 mm thick, and a 50 % reduction
in thickness was carried out, interface bonding was poor. A comparison of the
reduced thickness for various ARB processed materials is shown in Table 4.3. In
Table 4.3 the reduction in thickness by the ARB process for a 0.5 mm thick or more
material was 50 %. The exceptions are multi-layers of Al (4 layers) and Cu (3 layers)
that were stacked together the reduction in thickness was 43 % [74], and a sandwich
of Cu/Zn/Al where the reduction in thickness was 57 % [80]. Only one type of
material with a thickness of less than 0.5 mm was carried out at 65 % [9, 75] to
obtain an adequate bonding.
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Table 4.3 Thickness reduction for various materials processed by ARB

No. Authors

Material

1

Saito et al. [68]

AA1100
Al-Mg(5083)
IF steel

2
3
4
5

Tsuji et al. [70]
Huang et al. [76]

AA1100 & Ti-added IF steel

Krallics & Lenard [71]

Low C steel (C=0.002 %)

Li et al. [67]

AA1100

AA1100

Cu*

6
7
8

Pirgazi et al. [77]
Kwan et al. [57]
Eizadjou et al. [74]

9
10
11
12
13
14
15
16
17
18
19
20
21
22

Eizadjou et al. [74]
Tamimi et al. [69]
Kwan and Wang [79]

Rezaei et al. [56]
Bazzaz et al. [72]
Roy et al. [59]
Mahdavian et al. [80]

Milner [81]
Su et al. [78]
Su et al. [60]
Hadi et al. [9]
Hadi et al. [75]
Utsunomiya et al. [144]

Lee et al. [142]

36 % Ni austenitic steel
IF steel
AA1100
AA1100
Multi-layers: AA1100
Cu
Pure Al
IF steel
Copper
AA6061
AA1100
AA2219/AA5086
Sandwich-Cu/Zn/Al
Pure Ti (CP-Ti ASTM grd 2)
AA1050/AA6061 composite
AA1050/AA6061 composite

AA1235
AA1235
AA1100
AA6061

Cycles
8
7
5
6
8
5
6
6
6
6
10
8
5
5
8
10
7
5
8
8
14
7
2
5
4
4
4
8

t (mm)
1
1
1
1
1
2.5
1
1
1
1
0.5
1
0.5
0.1
1
2
1
1
1
0.5
0.9/0.8/0.3
0.5
1.5
1.5
0.3
0.3
4
1

tred
(%)
50

50
50
50
50

50
50
43#
50
50
50
50
50
50
57
50
50
50
65
65
75$
50

Note:
Oxide free high conductivity (OFHC) Cu.
#
Thickness of multi-layered of 4 Al & 3 Cu layers with total thickness of 2.3 was reduced to 1 mm.
*

$

Using a tandem rolling by using 4 pairs of rolls stand.

Table 4.1 and Table 4.2 show that for AA1235 material (0.3 mm thick) processed
by ARB, a 62 to 65 % reduction in thickness was enough for bonding. After a few
cycles of the ARB process were carried out, an ultra-fine grain structured (submicron) material was formed and strengthened significantly [68].

79

Chapter 4 Rolling processes

With adequate bonding, the ARB can be produced by laminating various types of
materials. The terms ‘multi-layers’, ‘composites’, ‘sandwich’, or ‘foils’ are already
used for laminated materials processed by ARB, and have been achieved using,
AA1100/Cu materials [74], AA2219/AA5086 [59], Cu/Zn/Al [80], AA1050/AA6061
[60, ‘79], Al/Ti [145], Al/Al2O3/TiC [146], Ti/Al/Nb [147], Al-4 wt.% Al2O3/B4C
[148], Al-SiC [149], Al-B4C [150], Al/Ni/Cu [151], and Mg/Al [152]. Numerous
laminated materials can be designed for specific purposes with a combination of
different material properties. For example, a laminated material can be designed with
an outer layer that is resistant to corrosion while the internal layers are fairly
resilient, as long as adequate interface bonding is achieved.
Bonding tests have been carried out on laminated AA1200/AA3103 [153] by
tensile testing the bond. This method is limited by the strength of the glue used. The
glue can be used up to 40 MPa to investigate the bond strength of the ARB process to
laminate materials from AA1200/AA3103 [153]. Roughing the interface can also be
done by sand blasting, as was done on the sandwich Al/Cu composite
(AA1100/Cu11000) [154].
It has been observed that in an ARB process of composite materials Cu/Ag,
reductions of 33 and 48 % produced a low quality bonding, unlike when the
thickness was reduced by more than 50 %, which had high quality bonding. This was
carried out at values of 56, 57 and 62 % respectively [155].
Composite Al/Ni was produced through ARB using AA1060 and commercial Ni.
In this process, necking and fractures occurred in the layer of nickel when the ARB
cycles were increased. After six cycles of ARB, the layers of nickel in composite
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Al/Ni were fragmented and distributed homogeneously in an aluminum matrix
because Ni has a 3 % lower elongation than Al [156].
Sheets from an asymmetric accumulative roll bonding process showed that the
inter-diffusion layer was thicker in the Al/Ti interface than similar materials
processed by the ARB symmetrical method. This difference was more than 15 %
[157].
Certain individual layers affect the mechanical properties and microstructure of
different metal laminates. An AA1100/AA7075 material with the same thickness, but
different individual layers, was successfully created with a hot ARB process [158].

4.1.5 Summary
It was concluded that an approximately 63 % reduction in thickness in the ARB
process for 0.3 mm thick AA1235 material was enough to obtain bonding. Of course,
all the interfaces had been brushed, cleaned with Acetone, and the sample had been
pre-heated at 200 oC for 10 minutes. Edge cracks can be reduced by slowing the
speed of the rolls in the rolling mill.
An ARB process can produce a variety of laminates, depending on the properties
of the respective layers, i.e., layers with similar properties that are bonded can be
manufactured into a new laminate with better properties. An ARB process does not
depend on differences in the width of the sheets.
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4.2 Asymmetric rolling process

4.2.1 Preparation of Asymmetric rolling samples
Asymmetric rolling (AR) involves using a pair of rollers with different angular
velocity [84, 85]. This difference in the angular velocity can be obtained using a pair
of rollers, (i) with different diameters rotating at the same angular speed, or (ii) with
the same diameter but rotating at a different angular velocity. A multi-function
rolling mill operating with two work rolls of the same size is shown in Fig. 4.2. In
this figure, AR was carried out to vary the angular velocity of the top roller, while
the angular velocity of the bottom roller was kept constant [84, ‘86].

Fig. 4.2 A multi-function rolling mill

Samples for AR were prepared by cutting an ARB processed sample whose
minimum thickness of about 0.4 mm had been achieved on a Hille 100 rolling mill.
The micro deep drawing process requires materials that are 300 μm thick, and
thinner, and therefore further rolling with a special rolling mill, as shown in Fig. 4.2,
is required.
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4.2.2 Asymmetric rolling related to speed ratio
The speed ratio between a pair of rolls in a rolling mill can be controlled by a
programmable logic controller (PLC) that has been assembled at the rolling mill.
Given the difference in speeds between the two rolls, AR can produce a constant
shear zone between the two neutral planes in the contact zone [85, ‘87, ‘88]. In
conventional rolling (symmetric) there are only two slip zones in the friction force
distribution, the forward slip zone and the backward slip zone, as shown in Fig. 4.3
[85] [159]. The speed ratios used were 1.1:1, 1.2:1, 1.3:1, and 1.4:1.

Fig. 4.3 A shear zone between the slip zones of a friction force distribution between the
two rollers, (a) symmetric rolling, and (b) asymmetric rolling [85]

4.2.3 Asymmetric rolling of AA1235
A speed ratio of 1.3:1 was used for the AR process for AA1235 material, while
other speed ratios were also used for the same material. The AR process could repair
the surface of the material from the ARB process, by taking it from a state of having
micro cracks on both surfaces into a smooth surface without micro-cracking, as
shown in Fig. 4.4.
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Fig. 4.4 A surface quality difference between the results of ARB and AR processes: (a)
ARB1c, (b) ARB2c, (c) ARB3c, (d) AR1c, (e) AR2c, and (f) AR3c

A tensile test of the AR processed AA1235 material was carried out to determine
the true stress/strain for a speed ratio of 1.2:1, as shown in Fig. 4.5.

Fig. 4.5 Tensile tests of AA1235 material of asymmetric rolling results

4.2.3.1 Effect of AR on anisotropy values
The anisotropy values of AA1235 processed by ARB (4 cycles) and AR (1 cycle)
were 0.42 for normal anisotropy (Ravg) and -0.04 for planar anisotropy (R). These
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values were better than those obtained for the AA1235 material from the ARB
process before asymmetric rolling, which were 0.595 for normal anisotropy and 0.28
for planar anisotropy.
The best homogeneous state was obtained in AR when the sample of IF steel
materials were rotated 180o between cycles [86]. Experiments were also carried out
for the same material using an idle roll, which improved the anisotropy if the sheet
was rotated 180

o

to the rolling direction between the cycles of AR [89]. An AR

process carried out on the IF steel resulted in anisotropy values that were better than
symmetric rolling [92].

4.2.3.2 Effect of speed ratio on grain size
The speed ratio affected the grain size of AA1235 material from the AR process
performed on an ARB processed sheet consisting of 72 layers after 4 cycles. The
EBSD results in Fig. 3.24 and Fig. 3.25 in Chapter 3 showed that an average grain
size of 1.655 µm was produced with a speed ratio of 1.3:1 and a grain size of 1.633
µm for the speed ratio of 1.4:1 after 4 cycles of ARB.
The grain size from AR was smaller than the symmetric rolling results for
AA1235. A grain size of 1.745 µm was obtained from EBSD for AA1235, as shown
in Fig. 3.25. Similar findings were also indicated in reference [94] that the grain size
for symmetric rolling of pure Mg (99.9 %) was higher than the results of AR. The
best way to produce a metallic sheet is to use a certain speed ratio to obtain a uniform
and severe plastic deformation. The use of a non-driven, 250 mm diameter upper
roll, and a 500 mm diameter lower roll revolving at 1 rad/s was recommended
because the total torque was minimal compared to 5 other cases [160].
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4.2.3.3 Effect of thickness reduction on grain size of ARB and AR results
For AA1235 material, an initial thickness of 3.9 mm will be reduced by 72.7 % to
1.064 mm after four cycles of ARB (Table 4.4). The corresponding grain size of
25.09 µm before ARB became 1.744 µm after the fourth cycle, which was 14.39
times smaller. While the material thickness of the ARB after the fourth cycle was
1.064 mm, and after two cycles of rolling through the AR process with a total
reduction in thickness of 99.6 % (Table 4.4), the grain size decreased from 1.744 µm
(Table 3.8, in Chapter 3) to 0.550 µm. This means that the grain size of the material
was about 3 times smaller (3.17). So grain refinement can be done more with ARB
when the grain size is large, but refinement is smaller with small grains through the
AR process. When the grain size of the ARB process in the second and fourth cycles,
which were 1.758 µm and 1.744 µm respectively (Table 3.8) were compared, the
diameter of grains had only reduced by 0.796 %. This means that the rate of grain
refinement for the ARB and AR processes for AA1235 material was not linear and
was becoming smaller for smaller grains. A comparison of the results of this grain
size reduction is shown in Table 4.4.

Table 4.4 A comparison of the results of the grain size reduction between ARB4c and
ARB4c+AR2c
Process

t (mm)

d (µm)

tred. (%)

AA1235 initial

3.900

25.090

ARB2c

1.116

1.758

71.38

ARB4c

1.064

1.744

72.72

ARB4c+AR2c

0.014

0.550

99.64

dred. from initial

14.39

Note: tred.: thickness reduction, and dred.: grain size reduction.
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4.2.4 TEM for asymmetric rolling
The average grain size from the annealed condition was 25.09 µm, but this was
reduced to 0.550 µm after 6 cycles of ARB and 2 cycles of AR; the grain size
decreased more than 45 times.
Fig. 4.6 shows the microstructure of a sample obtained by TEM. Fig. 4.6 (a)
shows the as-received material with the microstructure in the form of coarse grains.
After the sixth cycle of ARB, followed by an AR process, the grains were refined
and rolled with a laminate structure, as shown in Fig. 4.6 (b). After further rolling,
the layers of the laminate started to bond and merge together, as shown in Fig. 4.6
(c). Fig. 4.6 (e) shows a local zone of Fig.4.6 (c). In the image, the merging of four
layers into a larger grain is clearly visible, although there are some cavities in the
local zone in Fig. 4.6 (c). The nano-voids can initiate cracks in a material, and can
coalesce into two or more voids. If these coalescing voids propagate, then eventually
the material becomes torn and destroyed. It has been stated that material with a low
ductility can cause faster crack propagation when the loading is perpendicular to the
common axis of the voids [161]. With further rolling, the grain structure of the
laminate turned into finer equi-axed grains, with an average grain size of 550 nm, as
shown in Fig. 4.6 (d). It is an interesting phenomenon that the microstructure along
RD was equi-axed, which may result in both increased ductility and strength during
the AR process [134].
There was no evidence that elongated grains appeared in the rolled sample (either
in a state of AR and SR) after a large number of cycles in silver materials [162]. The
grain size of the silver material was between 200 and 300 nm when processed by
ECAP, SR, and AR [162].
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Fig. 4.6 TEM micro-structure of AA1235 samples: (a) the as-received material, (b) after
the first cycle of AR, (c) after the second cycle of AR, (d) after the third cycle of AR,
and (e) local zone in Fig. 4.6 (c) [135]

4.2.5 Discussion
An AR process can improve the surface quality of material produced by the ARB
process. Initially the surface showed a micro crack, but after AR the surface became
smooth and free of micro-cracks. Different speed ratios affected the tensile strength,
strain, and grain diameter of AA1235 material. Fig. 4.5 shows the result of an AR
process on AA1235 material with a 1.2:1 speed ratio and indicates the highest true
strain and true stress, but the smallest grain was obtained with a speed ratio of 1.4:1,
so the higher speed ratio in an AR did not always produce a high flow stress. This
still requires further study.
A shear zone in the roll bite can smooth a surface and refine the grain, but
reversing the direction of rolling between cycles of AR can turn the material into an
almost homogeneous state.
The total reduction in thickness achieved while rolling some materials is shown in
Table 4.5. The highest reduction in thickness of 99.9 in a rolling process, was
achieved by the AA1235 material [135], followed by the AA1100 material [76] and
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IF steel [68]. A reduction in thickness of almost 100 % indicates that an ultra-thin
thickness without tears or damage can be achieved by thinning through ARB and AR
rolling processes. A comparison of the material thickness before and after the rolling
was carried out, and is shown in Fig. 4.7. The initial thickness of IF steel materials
[68] reached 2 m, and the initial thickness of AA1100 [76] was more than 0.5 m.
Table 4.5 Total reduction of the material thickness by a rolling process
Total

No. Material
1

AA1235 [136]

2

AA1100 [68]
Al-Mg(5083) [68]
IF steel [68]
Low carbon steel [71]
AA1100 [77]
IF steel [69]

Process

416

Total
tred./cycle
Remarks
tred.
(%)
(%)
Initial Final
124.8 0.014 52-62 99.99 * started by

tinitial Number thickness
(mm) of layers (mm)

ARB4c+AR2c* 0.3

13 layers

7

ARB8c
ARB7c
ARB5c
ARB5c
ARB10c
ARB10c
AA1050/AA6061 [79] ARB2c
AA1235
ARB4c#

1
1
1
2.5
0.5
2
1.5
0.3

256
128
32
32
1024
1024
4
72

256
128
32
80
512
2048
6
21.6

0.5
0.5
0.5
1.25
0.25
1
0.75
0.3

50
50
50
50
50
50
50
65

8

IF steel [87]

AR6c

5.6

1

5.6

1.9

20-75 66.07

9

Ti grade-2 [87]

AR15c+SyR4c 9

1

9

0.3

83 &80 96.67 and SyR by

10
11

AA1050-AA6061 [85] ARB1c+AR4c 1.5

2
1

3
40

0.04
28

43-95 98.67
70
30.00

3
4
5
6

99.80
99.61
98.44
98.44
99.95
99.95
87.50
98.61

Composite
# started by 9
layers

AR by 83%
80%

AR7c
40
SyR2c+AR3c
12 IF steel [92]
25.4 1
25.4 2
30-88 92.13
+ARr2c
50
1
50
14
13 Steel S355J2G3 [96] AR5c
72.00
SC+AR
6
1
6
2
30
14 6xxx [98]
66.67
SyR6c-AR6c 16.67 1
16.67 2
88
15 IF steel [90]
88.00
Note: AA: Aluminium alloy, ARB: accumulative roll bonding, c: cycle, IF: interstitial-free, AR:
asymmetric rolling, SyR: symmetric rolling, SC: strip casting, m: monotonic (ARm:
Asymmetric rolling monotonic), and r: reversal (180 o changed direction of rolling) (ARr:
Asymmetric rolling reversal).
DSS 2205
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Fig. 4.7 A thickness comparison of 416 layers for AA1235 before and after rolling [135]

Table 4.5 shows the highest reduction in thickness of 99.99 % was achieved on
AA1235 material after the material experienced four ARB process cycles followed
by two cycles of AR, as shown in Fig. 4.7.
TEM observations have shown an average grain diameter of 0.550 µm for
AA1235. This was 45 times smaller than the original size of the annealed condition
after the material was processed through two types of rolling, 6 cycles of ARB and 2
cycles of AR. Cracks in the material could be initiated at the nano-voids.

4.2.6 Summary
Asymmetric rolling can improve the surface quality of material produced by
ARB. Different speed ratios of asymmetric rolling (AR) affected the tensile strength,
strain, and grain diameter on AA1235 material. The presence of a constant shear
zone in AR can smooth the surface and refine the grain of a material. Reversing the
direction of the sample between rolling cycles of AR can produce a more
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homogeneous state. The rate of reduction of the grain diameter for the AA1235
material after ARB and AR processes slowed down considerably at fine grains.
The total reduction in thickness of AA1235 material in the ARB and AR rolling
process was higher than the others.
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Chapter 5 The deep drawing process

Deep drawing is a sheet metal forming process where a circular blank is drawn
radially into a cup through a forming die with a punch force. This can also be
achieved by redrawing the cup through a series of dies. The flange is the area where
the sheet metal experiences a radial drawing stress and a compressive hoop stress.
Hoop stresses can lead to wrinkles in the flange area if it is not held by a blank
holder. A blank holder facilitates the flow of materials into the die radius.
The main components of deep drawing equipment that impress the blank material
are a die, a punch, and a blank holder. A press tool was designed, manufactured and
adapted to the operations of an Instron tensile-compression testing machine to
directly record the force applied and the punch stroke.

5.1 Blanking a circular blank with a press tool
To obtain a circular blank of a certain size, a blanking punch and die block should
be made. The blank allowed for pairs of 14, 15, and 16 mm several blanking punches
and die blocks to be made. A press tool was specifically designed to for blanking and
deep drawing processes. With a pair of blanking punches and die blocks for a
particular diameter, the main shaft was equipped with a locking bolt to hold the
blanking punch in place and a die block was placed on the base of a press tool.
Some results of this chapter have already been published:
Hadi, S., Tieu, A. K., Lu, C., Su, L.H., Yu, H.L, Grain refinement in the formability of
Aluminium thin cup. Materials Science Forum, 2013. 773-774: p. 166-175.
Hadi, S., Tieu, K., Lu, C., Yu, H.L., Caesarendra, W., Kusmoko, A., The effect of
bulged punch on wrinkles reduction in micro deep drawing. Journal of Materials
Processing Technology, 2014, submitted.
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If a blank is to be cut, the blanking punch and die blocks are placed into a press
tool, a blank sheet of material is placed on top of the die block, which is then given a
compression force by the cross head of the Instron machine to form a circular blank.
The cutting edge of a blanking punch must be kept sharp and clean to produce a
good blank. A punch and die suited for a particular thickness was mounted on a press
tool to form a cup by deep drawing, as shown in Fig. 5.1. Data from the punch force
and stroke are directly recorded by the Instron machine.

Fig. 5.1 A set of press tool: (a) a press tool for blanking and deep drawing processes,
and (b) a press tool mounted on an Instron testing machine

5.2 Measuring the coefficient of friction
The friction force on the cup flange was considered in relation to the concept of
open/closed lubricant pocket (O/CLP). Data from the friction force and the normal
force were obtained for annealed AA1235 material. The friction shear strength
formula used is given by [163]:
 = f αRC k

(5.1)
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where  is the friction shear strength, f is the friction factor, αRC is the real contact
area fraction, and k is the yield stress.
The coefficient of friction (μ) was obtained by a strip drawing test [164] on the
AA1235 material. In the strip drawing test the friction force (F) and normal force (N)
on two contact areas on a sheet moving at a certain velocity were measured. The
coefficient of friction was then calculated using the formula [164] [165]:
µ=F/(2N)

(5.2)

where F is the friction force and N is the normal force.
A μ was obtained by a strip drawing test, as shown in Fig. 5.2, and the results are
shown in Fig. 5.3. If a lubricant is trapped in pockets formed between the blank and
the tool then a fraction of the normal force is transferred by the fluid pressure created
by the lubricant [166]. So with a lubricant, the magnitude of the friction force will be
reduced because a certain portion of normal force is supported by the lubricant.
The strip drawing test specimen was 10 mm wide x 100 mm long, while the
contact area of the grips 14 x 14 mm. The effective displacement was 50 mm on an
Instron 5566 tensile testing machine, as shown in Fig. 5.2. That part of the material
in contact with the sheet was the same as that used for the die and the blank holder
when drawing the cup. These materials were flame hardened to 762 VHN.
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Fig. 5.2 Purpose designed equipment for strip drawing test on an Instron 5566 tensile
testing machine

The calculation of μ on the flange was based on the lubricated contact between the
blank and the tools, with the tool surfaces being the top surface of the die and the
lower surface of the blank holder before the punch stroke begins to press a blank.
The blank was AA1235 in the FA condition with a thickness of 300 µm.
A plot of the μ results is shown in Fig. 5.3. The average μ was 0.23 which was
close to the 0.2 value used in the simulation in Chapter 6.
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Fig. 5.3 A μ results for AA1235 sheet of FA condition, t = 300 µm, lubricated on both
surfaces

5.3 Deep drawing of as received AA1235 material
The discrepancies of the rolling process and heat treatment on the raw materials of
the blank can lead to differences in cup formability during deep drawing. As received
AA1235 (As-R) material cannot be processed in deep drawing because it contains
residual stress from the rolling process carried out at an earlier stage. The depth that
could be achieved for the 14 mm diameter by 300 µm thick blank was about 2.1 mm
or about 45 % of the full stroke of 4.7 mm. If the cup was drawn any further, it
would tear at the corner, as shown in Fig. 5.4.
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Fig. 5.4 Cup of an As-received of AA1235: (a) cup torn on a corner radius if the punch
stroke is stopped, and (b) the bottom part of the cup torn continues to turn to the wall if
the punch stroke is continued to full stroke

5.4 Drawing a cup from fully annealed material
For AA1235 material 300 µm thick in the FA condition at 450 oC for 4 hours, a
good cup can be produced from a 14 mm diameter blank, but not from a 15 mm
diameter blank. The LDR of the cup drawn from a 14 mm diameter blank was 1.87,
with a punch force of 520 N and a punch stroke of 6 mm, as shown in Fig. 5.5 (a).
Earing with four peak shapes formed on a cup from a 14 mm diameter blank. The
depth of a cup drawn from a 15 mm diameter blank was about 1.6 mm, as shown in
Fig. 5.5 (b).
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Fig. 5.5 Cups were obtained from AA1235 in FA condition: (a) a successful cup without
any wrinkles to blank diameter of 14 mm and LDR 1.87 and (b) a failed cup to blank
diameter of 15 mm [75]

5.5 Cup drawing of four cycles ARB material
For AA1235 material processed through 4 cycles of ARB, only 2.0 mm depth or
40 % of the full stroke could be achieved in deep drawing before failure, as shown in
Fig. 5.6.

Fig. 5.6 Results of cup drawing from the ARB process materials: (a) crack in the outer
layer is observed to occur at the cup bottom, (b) delaminating on the cup thickness in
side view, and (c) the initial crack started from the cup corner [9]

The material processed from 4 cycles of ARB had 72 layers, and there were
cracks in a few layers at the bottom of the cup which then spread to all the layers
when the punch stroke was continued, as shown in Fig. 5.6 (a) and (c). The
delaminating between the layers seen in Fig. 5.6 (b) can be attributed to residual
stresses.
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5.6 Drawing a cup from material after four cycles ARB and stress relieving
When AA1235 material processed by 4 cycles ARB was stress relieved at 200oC
for 8 hours, it could be drawn into a cup without any wrinkles and few earing from
14 and 15 mm diameter blanks, as shown in Fig. 5.7 [75]. The blanks used in the
deep drawing were 340 µm thick at 1020 N punch force and a punch stroke of 12
mm.

Fig. 5.7 Successful cups without wrinkles and lower earing in AA1235 material
processed by 4 cycles ARB followed by stress relieving at 200 oC for 8 h: (a) DB =14
mm at 1.87 LDR, and (b) DB=15 mm with LDR 2.003 [75]

5.7 Cup drawing of ARB sixth cycles material
A blank (338 µm thick and 14 mm diameter) that resulted from 6 cycles of ARB
can be formed into a cup with few wrinkles, is shown in Fig. 5.8 (b), but a blank
from 4 cycles of ARB failed to produce a cup because it only reached a depth of
about 2.0 mm. This means the blank processed by 6 cycles of ARB had better
formability than the blank processed from 4 cycles of ARB. This was surprising
because more ARB cycles normally produce material with a lower elongation.
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Fig. 5.8 A cup is formed of AA1235 material of an ARB process results in 6 cycles with
blank thickness of 338 µm and diameter of 14 mm, code: R2, views of: (a) top, (b) side,
and (c) bottom

5.8 Cup drawing of 6 cycles of ARB and 1 cycle of AR processes and SR
A cup was formed by deep drawing materials processed by 6 cycles of ARB
followed by one cycle of AR, and then stress relieved (SR). The relevant parameters
are a clearance of 0.114 mm, blank diameter/thickness 14 mm/303 µm, die/punch
diameters 8.26/7.54 mm. For 14 mm diameter by 303 µm thick blank, the cup had
wrinkles on the edge, as shown in Fig. 5.9.

Fig. 5.9 Cup manufactured with the material processed by 6 cycles ARB followed by
one cycle of AR and SR at 200oC for 8 h, code: J3G

A free clearance of 0.114 mm between a pair of die and punch diameters is likely
to produce a cup with wrinkles, but as long as the strength and ductility of a material
is adequate for deep drawing then a minimum clearance is needed to produce a good
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cup and reduce the wrinkles. The clearance relative to the thickness of the blank was
(0.114)/0.303= 38 %. This was higher than for the case in [65] where a clearance of
15 % of the thickness produced a high LDR value.
Some micro cups with ARB and AR resulted from 45 μm (416 layers) thick
blanks were produced, as shown in Fig. 5.10. The blank materials processed by ARB
and AR show some earing, some wrinkles, but no tearing; this indicated that material
that has not been stress relieved has a high ductility.

Fig. 5.10 Micro cups with blank thickness of 45 μm which has 416 layers after ARB of 6
cycles and the AR of 2 cycles

5.9 Progress of various conditions of AA1235 material for cup production
The progress of various conditions of the rolling process and heat treatment of
AA1235 blank material for cup drawing is shown in Table 5.1.
The residual stresses that existed in the as-received material can be removed with
an FA process at 450 oC for 4 hours. Under FA condition, the AA1235 material can
be processed in deep drawing without a tear or wrinkles but earing still appeared
along the edge of the cup. In a deep drawing, a die with a 1.2 mm corner radius was
used previously and the resulting cup was always torn, but with a 2.0 mm corner
radius a good cup was formed from 14 and 15 mm diameter blanks.
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Table 5.1 Progress of various conditions of the rolling process and heat treatment of
AA1235 blank material for cup production

ARB was applied to thin AA1235 blanks for 4 and 6 cycles to produce finer
grains and increased strength. They were then deep drawn to test the formability of
ARBed materials, particularly with the bonding of multiple interfaces. With the ARB
process, a smaller grain size is obtained with an increasing number of ARB cycles
but the formability/elongation is reduced with higher strength, partly because of the
remaining residual stress due to the ARB cycles. To eliminate residual stress by
stress relieving was carried out in an electric furnace at 150, 175, and 200 oC for 8
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hours. These temperatures are below the recrystallisation temperature of AA1235
material.
In an experiment [167], AA7150 material was heated to 480 oC for 1 hour
followed by quenching in water and artificial ageing at 120 oC for 24 hours. The
Vickers hardness measurement showed that the surface hardness was lower than at
the centre, regardless of cooling in air or quenching in water. The volume fraction of
recrystallised grains was higher in the surface layer than the central layers because
the surface layer had experienced more severe deformation than the central layers
during rolling. This means that when the material is heated to a temperature of
recrystallisation, recrystallisation on the surface layer occurs faster than the central
layer because the surface layer stores more energy for recrystallisation [167].
With the ARB process, the grain size was much smaller than the FA condition for
AA1235 material, and as a result its strength increased, it became harder, and its
formability was reduced. Therefore, an attempt was made to increase formability
with a SR process at 150, 175, and 200 oC for 8 hours.
A cup resulting from blank material after an ARB process with 4 cycles followed
by SR at 150 and 175 oC for 8 hours, and blank/die corner diameters of 14 mm/2 mm
indicated a little earing, although the cup was torn when the blank was 15 mm in
diameter. However, with a larger die corner radius of 2.0 mm, the blank material
from the 4 cycles ARB process followed by SR at 175 oC produced a cup from a 15
mm diameter blank with low earing, as shown in Fig. 5.11.
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Fig. 5.11 A cup of 15 mm blank material from 4 cycles ARB process followed by SR at
175 oC for 8 h, case 3 of Table 5.1, code H1

An SR at 200 oC for 8 hours for blank material from the ARB process with 4
cycles (case 4 of Table 5.1) showed that a cup can be produced from a 14 mm
diameter blank. During deep drawing the radius of the die corner was 1.2, as shown
in Fig. 5.12.

Fig. 5.12 A cup that can be formed from the blank material from the ARB process 4
cycles followed by SR at 200 oC for 8 h (case 4 of Table 5.1), code H53

Blank material processed by 6 cycles ARB followed by one cycle in AR with
speed ratios Vr of 1.1, 1.2, 1.3, and 1.4:1 was drawn into a cup. All of the results
(case 7-10 of Table 5.1) showed that wrinkles appeared on the edge of the cup edge
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stemmed from the very thin blank material of AA1235. The blanks were between
134 and 147 µm thick.

5.10 Eliminating wrinkles using a bulged punch with 300 µm thick blanks
A normal deep drawing process can produce wrinkles and earing on the edge of
the cup. The thinner the blank, the greater the chances are for wrinkles to occur.
Various attempts have been made to abolish the wrinkles on the edge of the cup,
these vary from reducing the clearance between the punch and the die, to controlling
the blank holder pressure (BHP), but this method still left a flange in deep drawing
process. Similarly, hydraulic pressure can be applied underneath the blank with a
maximum stroke being limited to less than the full punch stroke [168], but the
remaining flange must then be cut and discarded. Similarly, earing on the edge of the
cup must be removed as waste by a trimming process.
In this thesis a deep drawing process was carried out using two blank holders in
two stages. In the first stage the punch stroke was partly carried out using normal/flat
blank holder, but in the second stage, a blank holder with the same thickness and a
radius similar to the die corner radius was used. These attempts only reduced the
occurrence of wrinkles it did not eliminate them all. In general, the blank at the edge
of the cup was thicker than the original blank. Some cases of edge thickening are
shown in Table 5.2.
A cup is thinner at the radius of the punch corner, and is prone to tear. When the
thinning rate of the cup thickness exceeds 25 % [24], a work piece is not expected to
form, but in another part of the cup, the flange thickened [24].
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From the results of a multi-stage deep drawing process on thin low carbon steel
with the initial blank thickness of 0.4 mm, the cup can be torn by excessive thinning
[169]. An excessive reduction in thickness between 17 and 41.9 % on 0.4 mm strip
produced torn cups. Simulations were used to modify the punch size to obtain a
reduced thickness between 6.1 and 18.6 % [169], but a cup will not form if the
reduction in thickness is more than 25 % [24].
The results from a finite element analysis showed that local deformation and
wrinkling occurred along the major axis due to the non-uniform contact on a noncircular cross section between the blank and the tools [170]. One solution was to
modify the size of the tools so the blank can always make contact with the tool by
providing more deformation on the minor axis.
Maximum thinning on a two-point incremental forming (TPIF) was 30 %, which
was more than a deep drawing process (25 %) [171]. TPIF is a group of asymmetric
incremental sheet forming (AISF) that is a sequence of local plastic deformation
caused by a simple tool that is controlled by a computerised numerical controlled
(CNC) [171] machine. With this method, the thickness reduction of the cup was
more than 25 % but the cup did not tear. TPIF is different from the normal deep
drawing process.
According to Table 5.2, the percentage of thickening (%) of the edge of the cup in
a deep drawing process for the Aluminium group (1000, 5000, and 6000 series) were
worth 6.5 [33], 45 and 56 [8], 22 [16], 12 [172], 18.9 [173], 25.7 and 8.7 [Hadi et
al.]. Thickening (%) of the edge of the cup for materials other than Aluminium were
36 [23], 5.2, 15, 35.7 [14], 11, 13.2 [27], 38.8 [24], 18 [29], 24 [28], 15 [174], and 10
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[175]. Minimum thickening of the edge of the cup was 6.5 % for Aluminum [33] and
5.2 % for other materials [14].
Thickening at the edge of the cup or on the flange was due to the formation of a
wrinkle which can be avoided by a smaller clearance, if the blank can withstand bulk
deformation in the wall region. However, if the blank cannot withstand the tensile
force provided by the punch, then other means must be applied.
Table 5.2 Difference between the blank thickness and the cup edge thickness in a deep
drawing process

In hydro-forming, deep drawing pressure is applied onto the outer surface of the
cup. The application of pressure from the inside is a difficulty in itself especially if
the size of smaller punches limits the space available of the hydraulic equipment.
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Preventing wrinkles on the edge of a cup in a micro deep drawing process can be
carried out using a bulged punch which has not been used before. Details of the
shape and size of a bulged punch are shown in Fig. 5.15. The cross section of a
bulged punch shows a gradual curve joining a starting diameter of 7.59 mm to a final
diameter 7.70 mm (Fig.5.13b). It was used with an 8.25 mm diameter die to draw on a
blank that is 300 µm thick. The bulged punch size was determined by wrinkles location on
the cup (Fig. 5.13a). The bulged punch diameter was designed to enlarge before appearance
of the wrinkles. The transition region between the bulged diameter and the original diameter
was reduced by turning.

Fig. 5.13 Details of (a) depth of cup wrinkles, and (b) the shape and size of a bulgedpunch for the blank thickness of 300 µm with die diameter of 8.25 mm

It can be seen in Fig. 5.14 (a) that an earing of 14.1% formed on an annealed
AA1235 cup with a normal punch had the same diameter along the punch stem as a
cup using a bulged punch (2.7 %) in Fig. 5.14 (b). The percentage of earing was
calculated by [% earing = 2(hp-hv)/(hp+hv)] where hp was peak height of the cup
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and hv was depth of the cup valley [20]. Thus it has been demonstrated that a bulged
punch on a deep drawing process can produce a cup without any wrinkles. Moreover,
it also reduced the extent of earing on the edge of the cup, as shown in Fig. 5.14.

Fig. 5.14 Drawn cup (a) normal punch (14.1 % earing), and (b) bulged punch (2.7 %
earing)

It is known that earing can be reduced by: (a) a modified non-circular shaped
blank before a deep drawing process [44-46] [48] [107] [176], (b) carrying out an AR
of the blank which is rotated 180o between the cycles to reduce planar anisotropy
[87], and (c) the SR process [9]. Furthermore, a bulged punch has also lessened
earing in a cup. To prevent wrinkles from occurring after a certain depth of punch
stroke, increasing the diameter of the bulged punch at that depth will iron the wall
and produce a plastic flow that tends to reduce earing on the edge of the cup.
To obtain a clearer picture of this new idea, a comparison between the thickness
of the blank and the wall of the cup using a normal punch and a bulged punch is
shown in Fig. 5.15.
The thickness of the blank prior to a deep drawing process is shown in Fig. 5.15
(a). With a normal punch the thickness is less in the contact area at the radius of the
punch corner, and it’s thicker at the edge of the cup, as shown in Fig. 5.15 (b). In Fig.
5.15(c), a bulged punch produced a thicker corner radius and a thinner cup wall than
a normal punch. The thickness with a normal punch and a bulged punch are shown
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together in Fig. 5.16(d). The cup can be made thinner by increasing the diameter of
the punch in the area where a wrinkle is likely to occur.

Fig. 5.15 A scheme of new ideas to avoid wrinkles by using a bulged-punch in a deep
drawing and ironing processes in a single stroke. Thickness distribution of (a) a blank,
(b) a cup if used a normal punch, (c) a cup if used a bulged-punch, and (d) a
comparison between the two thickness distribution

This process can be categorised as an ironing process that creates a combined
negative clearance to the cup wall. The wall of a cup can be reduced by an ironing
die with a clearance that is less than the initial thickness of the wall [177]. At
locations where wrinkles usually occur, the diameter of a punch is increased before
wrinkles begin, so while the wrinkles of a deep drawing process are still developing,
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and before expanding to the location of a certain wall thickness, the area is pressed
by a punch that has been deliberately increased in size.
Initially, the aim was to eliminate or reduce wrinkles, but the bulged punch turned out to

produce an even better outcome such as reducing the height of the earing. The earing
height of a normal punch was 0.801 mm, but this was reduced to 0.141 mm or 5.6 times
lower with the bulged punch.

Fig. 5.16 A thickness distribution of cups of AA1235 from full annealed condition of
blank diameter of 14 mm and thickness of 300 µm

Fig. 5.16 shows that the wall thickness with a normal punch has increased at the
edge of the cup 7 to 9 mm from the axis of the cup. The bulged punch produced a
thicker wall around the radius of the punch corner at 3 to 4 mm from the axis of the
cup. This thickening was advantageous because a cup is generally torn at the radius
the punch corner [178]. A reduction in the thickness of edge of the cup for a normal
punch from 377 to 326 µm (or 13.5 % difference), was significant for the bulged
punch because it made ejecting the cup easier.
The reduction in thickness due to ironing by a normal punch was 24 %, which was
close to the 25 % reduction recommended by [35] and [36] to produce the best
quality cup. Overall, the bulged punch does not produce a drastic thickening of the
111

Chapter 5 The deep drawing process

material compared to a normal punch. If a normal punch is used, the material on the
wall of the cup will experience tension due to the force of the punch at the bottom of
the cup. According to the yield criteria, the radial pressure exerted by the bulged
punch on the wall due to the radial interference between the punch and the inner wall
can reduce the axial and circumferential stresses on the wall.
The force produced by the bulged punch was more than the normal punch and the
ironing force was much more than the drawing force, as shown in Fig. 5.17a. Here
the maximum ironing force reached 1640 N which was 181 % more than the
maximum drawing force of 584 N. The results of the punch force from an
experiment were still higher than the simulation results; they were not only caused by
friction but by the cup being pressed onto the wall, especially in the ironing process,
although the BHP was not considered in the simulation (Fig. 5.17b).

Fig. 5.17a Punch force produced by a normal punch (E1) and a bulged punch (R11)
annealed AA1235 with a blank thickness 300 µm and a diameter 14 mm

112

Chapter 5 The deep drawing process

Fig. 5.17b A measured punch force compared to simulation result with a μ=0.18

The surface roughness of a cup a bulged punch is shown in Table 5.3. The
average surface roughness (Ra) on the top surface was 24.8 and 23 μm on the bottom
surface. The Ra of the cylindrical surface of the punch was 0.25 μm, the top surface
of the die was 0.11 μm, the inside diameter of the die was 0.48 μm, and bottom
surface of the blank holder was 0.11 μm.
The average roughness of the outer surface of the wall of the cup was less than the
surface of the inner wall because there was more sliding contact and a higher friction
between the blank and the die than between the blank and the punch. The roughness
inside the base of the cup was small because the sliding contact between the bottom
of the punch tip was small.
The roughness of both blank surfaces decreased significantly from an average of
23.9 μm ((24.8+23)/2) to 0.23 μm ((0.18+0.28)/2) for a normal punch, and to 4.47
μm ((3.95+4.99)/2) for a bulged punch. All the contact surfaces of the tools (punch,
die and blank holder) had a surface roughness of less than 0.50 μm.
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Table 5.3 Locations and values of the average surface roughness measured in a cup (a)
outer surface, and (b) inner surface for normal punch (i) and bulged punch (ii)

The average surface roughness of cup from a normal punch was smoother than the
bulged punch because the wall from a bulged punch experienced a relative sliding
during the ironing process.

5.11 Eliminating wrinkling with bulged punch and a 130 µm thick blank

A bulged punch has been proven to eliminate wrinkles and reduce earing. The
thinner the blank the more likely wrinkles will appear in a cup. A normal punch still
produced wrinkles in a 130 μm thick blank, but a bulged punch eliminated wrinkles
from AA1235 for the FA material and also ARBSR material, as shown in Figs. 5.18
(a), (b), and (c) respectively. The top corner views of cups from a bulged punch for
FA and ARBSR materials are shown in Figs. 5.18 (d) and (e).
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Fig. 5.18 Cup with AA1235-FA and ARBSR materials resulted by NP and BP with TB
of 130 µm

The earing that occurred when using FA material with a normal punch was 10.3
%, 9.3 % with a bulged punch, whereas earing for ARBSR material with a bulged
punch was 6.0 %, so earing was reduced further in ARBSR material with a bulged
punch than FA material with a normal punch.
The edge of a cup produced from 130 μm thick blank by a bulged punch shows a
partial fracture for the ARBSR material and a solid edge for FA material, as shown in
Figs. 5.18 (e) and (d).
Modifying the profile of a bulged punched created difficulties and failures; for
instance, reducing the diameter of the punch by about 65 μm, resulted in a smaller
diameter than it should have been, which meant the bulged punch did not work. With
this experience, the diameter of the bulged punch was reduced by 20 μm, which
resulted in obtaining a proper/good cup.
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5.12 Ironing process
The cup drawn by an ironing die in Fig. 5.19a is shown in Fig. 5.19b. The ironing
process used an 8.05 mm die, a 7.49 mm punch, a 300 µm thick blank, and a 6.2 mm
punch stroke. The semi-die angle was 8o which follows the recommended range of 515o by [37]. The cup had less earing after ironing than normal drawing, and no
wrinkles. The cup also had an average surface roughness (Ra) of 0.425 µm on the
wall.

Fig. 5.19 Ironing die size (a) and a cup with no wrinkles from the ironing process (b)

5.13 Forming limit diagram (FLD) for cup forming
A forming limit diagram (FLD) was used to predict the forming behaviour of a
cup based on the major and minor strains generated from a deep drawing process.
FLD consists of three areas that generally include the tear area, the good cup (safe)
area, and the wrinkled area. FLD has been carried out for 0.85 mm thick, non-coated
IF steel sheet [105] and for 1.15 and 1.00 mm thick AA5182-O and AA5754-O
materials, respectively, at room temperature [179]. Digital image correlation (DIC)
analysis methods have also been used to measure the material strains for Al-Mg-Si
alloy [180] more accurately.
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Fig. 5.20 FLD for AA1235-FA condition with TB of 300 µm and DB of 15 and 16 mm
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Cups drawn from 15 and 16 mm thick FA blanks produced a distorted noncircular grid pattern on the surface, and they were measured and analysed to obtain
the major and minor strains. The overall measurements and calculations for the major
and minor strains in a FLD are plotted in Fig. 5.20.
Fig. 5.20 shows that strains in a deep drawing process occurred as the minor
strains increased and the major strains decreased in wall of the cup, but positive
strains occurred at the bottom of the cup from either the top or bottom views of the
cup. When the major strain increased in the cup wall to a limit, it was followed by
thinning, tearing, and then fractures. A good area in a deep drawing process is above
the wrinkling limit and below the fracture limit.

5.14 Discussion
A deep drawing process is a process that forms cups from blanks that need special
requirements to eliminate wrinkling, tearing, and minimum earing. A four cycle
ARB process produced AA1235 with smaller grain size which was then deeply
drawn. The ratio ( = t/d) between the thickness of a blank and an average grain size
was also obtained. The higher the value of , the better the formability of the
material. A cup was formed from material resulting from 4 cycles ARB, as shown in
Fig. 5.5 (a). The cup was made from 278 µm thick blanks with 72 layers, the average
grain size was 2.146 µm, and the ratio  = 1.8 is shown in Table 3.7 (Chapter 3). The
material with a small grain size still did not produce a better formability because
after the ARB process it still has a residual stress which must be removed by stress
relieving.
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It has been stated that formability is indicated by a cup without any defects such
as wrinkles due to excessive compression and tear due to high local tensile stresses
[181].
It has also been observed that 1.6 mm thick IF steel sheet is better suited to deep
drawing because it has a larger gap between the forming limit line and the wrinkling
limit line (WLD) of the FLD [105].
FLD for a drawing process is on the left and stretching is located to the right of
the graph of minor-major strains in Fig. 5.21. Stretching was caused by the tensile
stress exceeding the yield stress. If force is applied perpendicular to the sheet plane
then biaxial stretching will occur.
The FLD for 0.6 mm thick IF steel sheet is shown in Fig. 5.22a [105]. The FLD is
shown as a solid line, the fracture limit line is indicated by the dashed line, and the
wrinkling limit line is shown with a dotted line [182].

Fig. 5.21 FLD for a drawing and stretching processes in the minor-major strains graph
[182]
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Fig. 5.22a FLD for IF steel sheet of 0.6 mm thick [105]

Fig. 5.22b FLD for AA1235 sheet of 0.3 mm thick (reproduced of Fig. 5.20)

Fig. 5.22a shows that the forming limit line for steel was under the fracture limit
line and above the wrinkling limit line. Fig. 5.22b indicates there were 3 data (code
FA4g) in the wrinkled area and 8 data (FA5g) from the fractured area (above the
solid red line). In Fig. 5.22a the minor strains for IF steel are between -0.18 and 0.18
[105]. In Fig. 5.22b, the minor strain for AA1235 are between -0.48 and 0.28. The
data range for AA1235 material was wider than IF steel so the formability of
AA1235 is better than IF steel. Fig. 5.22b shows two groups of data seen from the
bottom of the good cup and the view from the top of the good cup of AA1235
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material that was stretched. The data from the views of four good cups showed that
the major strain was more than the minor strains, and the data remained on the left
side in the graph of the drawing process. Two data for the bottom of the cup were
stretched and are plotted on the right side of the strain graph.
Although a cup can be formed, the occurrence of wrinkles on the wall is a
problem that must be addressed. Various attempts have been made by many authors,
but none have come up with a good solution. Hydro-forming still leaves flanges at
the end of a deep drawing process [183], and even applying a controlled BHP will
only prevent or eliminate wrinkles on the flange but not on the wall of the cup.
Wrinkles on thin sheets resulting from deep drawn parts will be generated when
the die and punch are not aligned properly [184].
Wrinkling during deep drawing can be resisted better when the annealing
temperature of an Aluminum is increased and furnace cooling is used instead of air
cooling [185]. An annealing process for blank material can result in a cup with small
wrinkles, but it still results in a large earing on the edge of the cup, which must then
be removed as waste.
Low earing can be generated by planar anisotropy values that are almost zero.
Attempts have been made to obtain these values by selecting materials that have a
lower planar anisotropy value, if such choices are available. Another effort was made
by modifying the shape of the blank to minimise earing. Reversing the direction of
the AR between cycles can also improve the value of the planar anisotropy. The
bulged punch can also eliminate wrinkles and reduce earing in a cup. The
manufacture of a bulged punch was based on the experience gained from previous
deep drawing of a blank and materials with specific treatment conditions.
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The thickness of the wall of a cup is formed and thus distributed with a normal
punch which results in a thinner wall around the radius of the punch corner and a
thicker edge to the cup. A bulged punch resulted in a thickening of the walls around
the radius of the punch corner, which is the opposite of a normal punch. This
thickening is advantageous because cups generally begin to tear at the radius of the
punch corner.
The wall region experiences tension due to force from a punch at the bottom of
the cup if a normal punch is used, but if a bulged punch is used, the area of the cup
wall will be ironed by a punch in the radial direction towards the inside diameter of
the die.
One disadvantage of the bulged punch is the need for previous experience with a
normal punch in order to modify its profile properly. A greater punch force is also
required for the bulged punch.

5.15 Summary
Problems relating to wrinkles and earing from a deep drawing process are a
common occurrence, but more so with thinner blanks. Earing that formed on a cup
made from annealed material was higher with a normal punch than with a bulged
punch because a bulged punch can eliminate wrinkles and reduce earing on the edge
of the cup, thickening at the radius of the punch corner, and thinning at the edge of
the cup, although its optimum profile depends on the experience gained from using a
normal punch. The force required to drive a bulged punch was more than a normal
punch because it is a combination of drawing and ironing. Moreover, the resulting
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reduction in the thickness of the edge of the cup can facilitate its ejection from the
punch and die.
Deep drawing can be carried out in a good cup (safe) region based on the
established FLD for annealed AA1235. The average surface roughness of a cup by a
normal punch was smoother than by a bulged punch.
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6.1 Modelling a deep drawing process
A simulated deep drawing process of a cup was developed using the FEM
software LS DYNA. The model consists of Aluminium AA1235, a die, a punch, and
a blank holder. A model of the deep drawing assembly and the dimensions of the
blank and tools are shown in Figs. 6.1 and 6.2.

Fig. 6.1 A model of a configuration of the deep drawing tools assembly [10]

Fig. 6.2 Geometric dimensions of the blank and tools [10]
Some results of this chapter have already been published:
Hadi, S., Yu, H.L., Tieu, K., Lu, C., Simulation of defects in micro-deep drawing of an
aluminium alloy foil. in The 11th International Conference on Numerical Methods in
Industrial Forming Processes, AIP Conf. Proc. 1532, 298-303 (2013); doi:
10.1063/1.4806838, p. 298-303.
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A 3-D model of a deep drawing process for AA1235 aluminum foil was created in
LS-DYNA using quadrilateral shell-shaped elements. The blank material was
assumed to be isotropic. The anisotropy for AA5xxx in a simulation with LS-Dyna
for a deep drawing process was not considered because its effect would be minimal
[186].
The model for deep drawing a 14 mm diameter blank by 300 µm thick
Aluminium AA1235 blank in a fully annealed condition contained 28561 elements
and 34693 nodes. There were 28561 elements for the blank, die, punch, and blank
holder, 10800 elements for the shell (blank), and 17761 elements for the die, punch,
and blank holder. The punch speed was set at 100 mm/s for all simulations. The
model of the deep drawing process is shown in Fig. 6.1, and its dimension is shown
in Fig. 6.2. The Coulomb friction model was used with the coefficient of friction (µ)
that varied between 0.1 and 0.30. In the models the punch, die, and blank holder
were assumed to be rigid. The geometrical and material parameters are shown in
Tables 6.1 and 6.2.

Table 6.1 Geometrical parameters in deep drawing in Figure 6.1

Parameters

Value

Diameter of blank (DB), mm

14 - 15

Thickness of blank (TB), mm

0.070, 0.130, 0.150, and 0.300

Diameter of drawing die (DD), mm
Radius at corner of die (RD), mm
Diameter of punch (DP), mm
Radius at corner of punch (RP), mm

8.35
1.21 and 1.40
7.54
1.21 and 2.50

125

Chapter 6 Simulation of deep drawing processes

Table 6.2 Material properties of blank

Parameters
Density (), kg/m3
Young’s modulus (E), GPa
Yield stress (YS), MPa
Poisson’s ratio ()

Value
2700
80
74.18 - 106.8
0.3

6.2 Validation of the simulation model to the experiment results
A model that simulates deep drawing a cup was developed in this chapter to
understand how the stress/strain parameters of the cup would result in the cup having
wrinkles and tearing. However, this model must be validated for accuracy against the
experiments.
The results can be compared in terms of the punch force and thickness of the cup
wall due to different RD/RP, DB, punch geometry, and µ. The positive and negative
clearances between the die and punch diameter that can influence how the cup will
form will also be considered.
A simulation can be used to estimate the parameters of experiments in a trial and
error process in order to obtain better results with a reduced number of steps, and it
can also explain the probable outcomes of the forming process such as tears, wall
thickness, and wrinkles. Indeed, from the simulation, the results can be animated so
that the forming process can be analysed. An analysis of the von Mises stress, strain,
punch force, and punch strokes taken during deep drawing will increase our
understanding of the process.
A comparison between a simulation and an experiment is shown in Fig. 6.3.
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Fig. 6.3 Simulated punch force against experiment

For a punch stroke between 2 and 4 mm, the experimental punch force was higher
than in the simulation due to wrinkles because the punch needs more force to iron out
the wrinkles while forming the full cup. The simulation assumes that the blank
material was isotropic, so any thickening of the cup wall due to wrinkles was
ignored. The punch force must overcome the blank bending force at the corner radius
of the die and punch, the friction force between the blank and the tools, and the
flange friction force from the blank holder. Moreover, the bending force increases
with the thickness of the blank, and the blank was thicker in the region of wrinkles.

6.2.1 Effect of the corner radius of die on a punch force
The difference in the use of a die corner radius to the punch force generated in the
simulation shows that a larger corner radius would reduce the punch force by 4.6 %,
as shown in Fig. 6.4.
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Fig. 6.4 Punch force with DB=14 mm and TB=300 µm from simulations with RD=1.2
mm (blue) and 1.4 mm (red), µ=0.1, and from experiments with RD=1.2 mm (green)
and 1.4 mm (purple)

The experimental results shown in Fig. 6.4 indicated that a larger die corner radius
reduced the maximum punch force when a 14 mm diameter by 300 µm thick blank
was used. A die corner radius of 1.2 mm showed a maximum punch force of 506 N
compared to 461 N with 1.4 mm die corner radius. The experiment has demonstrated
that a larger die corner radius reduced the punch force by 8.9 %. The similarity
between the trends of the simulation and experiments shown in Fig. 6.4 indicates the
validity of the simulation model.

6.2.2 Effect of the punch corner radius
A difference in the punch corner radius to the punch force generated in the
simulation showed that a larger corner radius on the punch would decrease the punch
force by 2.7 %, as shown in Fig. 6.5.
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Fig. 6.5 Punch force with DB=14 mm and TB=300 µm from simulations with RP=1.2
mm (blue) and 2.5 mm (red), µ=0.1, and from experiments with RD=1.2 mm (green)
and 2.5 mm (purple)

The experimental results in Fig. 6.5 show that a larger corner radius on the punch
reduced the maximum punch force in deep drawing when a 14 mm diameter by 300
µm thick blank was used. A corner radius of 1.2 mm required a maximum punch
force of 506 N compared with 474 N with 2.5 mm corner radius, a difference of 6.3
%. There was a similar trend between the simulation and experiments results, as
shown in Fig. 6.5.

6.2.3 Effect of the coefficient of friction on the punch force
The coefficient of friction in a simulation can affect the punch force, so several
values were tested and then an appropriate figure was selected when the simulated
punch force stroke curve matched the experiment results. Fundamentally, when the
coefficient of friction is increased there will be a corresponding increase in the punch
force.
A number of friction coefficients were applied in the simulation, the results were
compared with the experiment, and then an appropriate curve was selected when it
came close to the experiment results, as shown in Fig. 6.6.
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Fig. 6.6 Effect of friction coefficient in a deep drawing process

6.2.4 Effect of clearance to the wrinkles
In deep drawing, a clearance that is larger than a certain value results in a cup
with wrinkles on the wall and vice versa, whereas less clearance will result in a cup
without wrinkles on the wall.
A clearance of 0.46 mm (306 % of the thickness of the blank of 0.15 mm) in deep
drawing with a 8.25 mm diameter die, and a 7.49 mm diameter punch, generated a
wrinkled cup, as shown in Fig. 6.7a. However, when the clearance was reduce to
0.21 mm (70 % of the thickness of a blank) on an 8.35 mm diameter die, a 7.54 mm
diameter punch, and an 0.3 mm thick blank produced a cup without wrinkles on the
edge, as shown in Fig. 6.7b.

Fig. 6.7 Cups (a) with wrinkles on the cup edge with a clearance 3.06 times the 0.15 mm
blank thickness, and (b) without wrinkles on the cup edge with a clearance of 70 % of
the 0.3 mm blank thickness
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The experiment therefore indicated that in deep drawing, a clearance of 0.5 mm
(3.85 times the blank thickness) for an 8.25 mm diameter die, a 7.49 mm diameter
punch, and a 0.13 mm thick blank resulted in a wrinkled cup, as shown in Fig. 6.8a,
but when the clearance was 0.16 mm (53 % of a blank thickness of 0.3 mm) it
resulted in a cup without wrinkles on the edge, as shown in Fig. 6.8b. However, the
simulation cannot reproduce earings because the anisotropy was not included in the
simulation, so when the clearance was increased, there would be more opportunity
for wrinkles to occur on the edge of the cup, but when the clearance is reduced, there
will be a cup without wrinkles. In fact, a clearance that is too small can result in the
cup tearing before the punch stroke is completed. The results of the simulation
models were quite consistent with the experimental results.

Fig. 6.8 Cup (a) with wrinkles with a clearance 3.85 times the 0.13 mm blank thickness,
and (b) without wrinkles with a clearance 53 % of the blank thickness of 0.3 mm

6.2.5 Effect of the diameter of the blank to the punch stroke
The diameter of the blank governs the punch stroke in deep drawing, as shown in
Fig. 6.9, such that the larger the diameter, the deeper the punch stroke will be, as
shown in Figs. 6.9a and 6.9b. The experimental results indicated that the mean depth
of the punch stroke was 4.93 and 5.69 mm respectively for 14 and 15 mm diameter
blanks, as shown in Figs. 6.10a and 6.10b. The larger the diameter the blank, the
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more punch stroke is required, as shown in Fig. 6.10. The simulation and experiment
on different diameter blanks showed a reasonable match, within 3-6 %.

Fig. 6.9 Formed cup with stroke length of 4.64 mm (a) and 5.51 mm (b) respectively
from the 14 and 15 mm diameter blanks

Fig. 6.10 A blank diameter of (a) 14 mm and (b) 15 mm have produced a drawn cup
with mean punch stroke of 4.92 and 5.69 mm

The results so far have shown that a simulation model compared well with the
experiment results while investigating the effect of the die corner radius, the
coefficient of friction, clearance on the wrinkles, and punch stroke vs blank diameter.
It can therefore be concluded that the simulation model is valid and can be used to
investigate different aspects of the deep drawing process.

6.3 Some typical simulation results for AA1235
Simulations were carried out on Aluminium AA1235 in a fully annealed (FA)
condition, as well as a combined ARB and stress relieving at 200 oC for 8 hours.
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Variable parameters were the thickness and diameters of the blank, the corner radius
of the punch and die, the coefficient of friction (µ), and the tensile strength. Some
typical simulation results for some cases are shown in Table 6.3. The blanks 300,
130, and some cases 150 and 70 µm thick, and the blank diameters were 14 and 15
mm. The punch corner radii were 1.2 and 2.5 mm, and die corner radii were 1.2 and
1.4 mm. The µ were 0.10 for all FA and ARBSR (ARB followed by stress relieved)
material for the first trial, and then 0.11 to 0.20, and 0.30 for further trial. The
realistic values for µ were 0.18 and 0.20. The chosen tensile strengths were 74.18,
and 76.19 MPa for FA materials and 104 and 106.8 MPa for ARBSR materials for
blanks that were 300 and 130 µm thick, respectively.
The simulation of a deep drawing process by LS-DYNA software requires four
files: (a) the main program, (b) a subroutine file for each case (each case has
different input data sets) i.e.: the file of 0.3_Case2.dyn, (c) a file with extension k,
i.e.: Micro-forming.k for a deep drawing process (a file with extension k is only valid
for one set of input data which can be changed for the following parameters: TB,
tensile strength, µ, and punch speed). The constant set of data for each case are tool
geometry, DP, RP, DD, RD, and (d) a submission batch file DynaQsub.sh for
submitting LS-DYNA job to the high performance computer (HPC)/cluster). All the
simulation results are plotted from the files of d3plot. The results of all 62 simulation
cases are shown in the Appendix. Every case corresponds to a specific combination
of strength of material, DB, TB, DD, RD, DP, RP, and µ. Case 1 has been published
in a paper. Fully annealed materials were used in cases 1, 2-19, 32-46, and 61-62.
ARBSR materials applied to cases 20-31 and 47-60. Cases 1-61 used a normal punch
whereas the bulged punch was considered in case 62 with different µ of 0.10, 0.12,
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0.14, 0.16, 0.18, 0.20 and 0.30. In a simulation of the deep drawing process, the
speed of the punch stroke (VPunch) was 0.1 m/s.
Nine typical cases were selected from the above 62 cases and are presented here.
In the first case (0.3_Case1), a fully annealed (FA) 0.3 mm thick blank, DB of 14
mm, die corner radius 1.2 mm, and µ of 0.18 was considered, and resulted in a cup
without wrinkles. The maximum punch force as a result from the experiment was
24.9 % higher than the simulation result. With a larger RD of 1.4 mm (0.3_Case 2),
the maximum punch force of Case 1 was reduced by 4 N.
For ARBSR material in the second case (0.3_Case10), with a 0.3 mm thick by 14
mm diameter blank, and a µ of 0.18, the results showed a cup without wrinkles. The
maximum punch force from the experiment was 7.7 % higher than the simulation
result.
The third case was a cup simulated from FA material with a 0.3 mm thick by 15
mm diameter blank, and a µ of 0.18. This case also showed a cup without wrinkles,
and the maximum punch force from the experiment was 22.9 % higher than the
simulation result. With a larger punch corner radius of 2.5 mm, the maximum punch
force was reduced by 11 N (0.3_Case5).
The fourth case (0.3_Case14) with ARBSR material also showed a cup without
wrinkles, while the maximum punch force from the experiment was 22.17 % higher
than the simulation result (Case22).
The fifth case (Microforming.15) was a cup simulated from FA material with an
0.15 mm thick by 14 mm diameter blank, and a µ of 0.10. The case showed a cup
with wrinkles, while the border line (between the wrinkled and circular/smooth
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areas) had a strain of 0.27. A strain of 0.39 and 0.90 were respectively the lowest in a
valley and the maximum in a peak wrinkle area.
The sixth case (0.13_Case9) with FA material (0.13 mm thick by 14 mm diameter
blank, and a µ of 0.15) showed a cup with wrinkles. The wrinkle border line had a
strain 0.45 compared to the respective lowest and maximum strain of 0.61 and 1.1 in
a valley/peak wrinkle area.
For ARBSR material in seventh case (0.13_Case8), the cup showed some
wrinkles at the edge.
The eighth case (0.07_Case2) was a cup simulated from FA material with a 0.07
mm thick by 14 mm diameter blank, and a µ of 0.10. This case showed a cup with
wrinkles, with a strain of 0.32 at the border line, compared to a minimum-maximum
strain of 0.65 - 0.96 in the wrinkle area.
The ninth case (0.3_Curve4) was a cup simulated from FA material used a bulged
punch with a 0.3 mm thick by 14 mm diameter blank, and µ of 0.10, 0.12, 0.14, 0.16,
0.18, 0.20 and 0.30. This case showed a cup without wrinkles. The maximum punch
force from the experiment was 9 % lower than the simulation result, with a friction
of 0.30. The experimental force was higher than the simulation result because the
bulged punch needs more force on the thickened cup wall and to iron out the
wrinkles in the ironing process. The simulation did not consider these results of the
anisotropy properties of the material.
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Table 6.3 Some typical simulation results for full set of simulations refer to Appendix
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6.4 Simulation for deep drawing with fully annealed blank materials

6.4.1 Simulation for deep drawing FA blank materials with a TB=300 µm
The geometrical and physical parameters of deep drawing AA1235 blank material
in an annealed condition are shown in Table 6.4. The parameters considered were the
diameter of the blank, the corner radius of the punch and die, and the coefficient of
friction. The simulated punch forces were compared to the experimental results, as
shown in Fig. 6.11.

Table 6.4 Parameters of a deep drawing process for AA1235 blank material in the
annealed condition and TB = 300 µm
Dimension (mm)

No.

Geometrical parameter

Case5

Case6

Case7

Case8

1
2
3

Diameter of blank (DB)

14

14

14

14

15

15

15

15

Corner radius of punch (RP)

1.2

1.2

2.5

2.5

1.2

1.2

2.5

2.5

Corner radius of die (RD)
Physical parameter
Friction coefficient (µ)
Fmax. simulation, N
Fmax. experiment, N

1.2

1.4

1.2

1.4

1.2

1.4

1.2

1.4

0.18 0.20 0.18 0.18 0.18 0.30 0.18
4
380 380
371
358
460
534
451
5
506 416
474
420
597
571
565
6
Sample code
E1
E2
E3
E4
E5
E6
E7
7
3
Note: DD = 8.35 mm, DP = 7.54 mm, cl=(DD-DP)-2TB = 0.16 mm,  = 2700 kg/m ,
E = 80 GPa, YS = 74.18 MPa,  = 0.3, Vpunch = 100 mm/s.

0.18

Case1 Case2 Case3 Case4

447
536
E8

For a TB of 300 µm, a simulation with DB of 14 and 15 mm was carried out. A
RD and RP can be selected from the set of 1.2, 1.4, 1.2, and 2.5 mm.

6.4.1.1 Simulation for deep drawing FA materials with TB=300 µm, DB=14 mm
Case 1 to Case 8 simulations were carried out with an 8.35 diameter die and a
7.54 mm diameter punch.
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Fig. 6.11 Case 1 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ

In the Case 1 simulation, the corner radius of the punch and die was 1.2 mm. The
values of Von Mises stress and strain results on the cup corner radius (73 MPa, 0.23),
on the cup wall (59 MPa, 0.45), and on the cup edge (84 MPa, 0.62) are shown in
Figs. 6.11a and 6.11b. The Von Mises stress respectively at the corner radius and on
the cup edge were 23.7 and 42.4 % larger than the wall of the cup. The plastic strains
of the cup corner radius were smaller than at the wall and the edge. The deformation
on the cup corner radius was due to tension and on the edge of the cup, a
compressive hoop stress, so the thickness on the cup corner radius experienced a
reduction and on the edges of the cup, a thickening. The maximum simulated punch
force (µ=0.18) was 24.9 % smaller than the measured value in Fig. 6.11c.
There was reduction in thickness in the cup corner radius for AA1235 material
while deep drawing low carbon steel. The maximum Von Mises stress values in an
experimental deep drawing process on low carbon steel with a blank diameter
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between 90 and 114 mm resulted in a maximum reduction in blank thickness from
0.8 to 0.64 mm at the cup corner radius [193].
A μ of 0.10 and 0.18 was applied to 0.3_Case1_FA and the simulation results are
shown in Fig. 6.11c. At μ = 0.10 a maximum punch force F(max.sim.) = 351 N was
obtained, and it increased to 380 N (0.3_Case1a_FA) for μ = 0.18. They are still 24.9
% lower than the maximum punch force of 506 N from the experiment. A
comparison of the simulation and experiment results for two die corner radii of 1.2
and 1.4 mm are shown in Fig. 6.11c, and indicate that with a larger die corner radius,
the punch force required to form the cup will be reduced. These results were also in
accordance with the simulation results for AA6061 which showed that the punch
force required to form a cup would be reduced with a larger die corner radius [187].
The maximum punch force F(max.sim) = 351 N (0.3_Case1) was obtained for RD =
1.2 mm compared with 335 N (0.3_Case2) with RD = 1.4 mm. Both simulation
results indicated that a larger die corner radius generates a lower punching force. A
curve of the punch force-stroke of the experiment results showed a kick up in the
force after a stroke 4.9 mm because the wrinkles were being ironed out.
For Case 2 (respective die and punch corner radius of 1.4 and 1.2 mm), the Von
Mises stress and strain results are on the cup corner radius (73 MPa, 0.21), on the
wall (66 MPa, 0.46), and on the edge (88 MPa, 0.60), as shown in Figs. 6.12a and
6.12b.
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Fig. 6.12 Case 2 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ

The respective Von Mises stress at the corner radius and the edge of the cup were
33.3 and 10.6 % larger than at the wall. The maximum punch force with µ = 0.20
was 17.6 % smaller than the experiment, as shown in Fig. 6.12c.
The simulation results for a die corner radius of 1.2 mm and punch corner radius
of 2.5 mm are shown in Figs. 6.13a and 6.13b. The Von Mises stress at the corner
radius was 10.3 % larger than at the wall and 20.9 % larger at the edge than at the
wall. The maximum punch force with µ = 0.18 was 13.8 % smaller than the
experiment, as shown in Fig. 6.13c. Similar conclusions can also be made to the
simulation results for a die corner radius of 1.4 mm and a punch corner radius of 2.5
mm, as shown in Figs. 6.14a and 6.14b.
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Fig. 6.13 Case 3 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ

Fig. 6.14 Case 4 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ

6.4.1.2 Simulation for deep drawing FA materials with TB =300 µm, DB=15 mm
In the Case 5 simulation the punch and die corner radii were both 1.2 mm. The
Von Mises stress and strain results on the corner radius of the cup (76 MPa, 0.18), on
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the wall (63 MPa, 0.53), and on the edge (84 MPa, 0.69) are shown in Figs. 6.15a
and 6.15b. The respective Von Mises stress at the corner radius and edges of the cup
were 17.1 and 25.0 % larger than at the wall. The maximum simulated punch force
with µ = 0.18 was 22.9 % smaller than the experiment, as shown in Fig. 6.15c.

Fig. 6.15 Case 5 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ

Pure aluminium foil with a thickness of 20 μm and an LDR of 1.7 was simulated,
and the results compared very well with the experiment when a friction coefficient of
0.17 was used [188]. The change in the corner radius of the punch and die by 10 %
produced a small change between 0.41 and 1.44 % in the punch force, compared to
the change in the clearance and diameter of the punch [188]. That assumption will be
verified with further simulation.
The simulation results for a die corner radius of 1.4 mm and a punch corner radius
of 1.2 mm are shown in Figs. 6.16a and 6.16b.
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Fig. 6.16 Case 6 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ

The simulated punch force with different friction values 0.10, 0.15, 0.20, and 0.30
(0.3_Case6_FA) are shown in Fig. 6.16. The experimental punch force F(max.exp.) =
571 N was 6.5 % higher than the simulated punch force at a µ of 0.3. The simulated
punch forces were compared with the measured results, as shown in Fig. 6.16. The
coefficient of friction μ = 0.30 (Case23b) showed the best match between simulation
and experiment, but in this thesis, μ = 0.30 was high for a lubricated condition.
However, an un-lubricated deep drawing was carried out on low carbon steel foil
(thickness 0.2 mm) with a semi-active control of BHF to prevent wrinkles and
cracking, the appropriate coefficient of friction was μ = 0.4 [189].
The results of a simulation of fully annealed AA1235 with a 15 mm diameter
blank, RD = 1.2 mm and RP = 2.5 mm are shown in Figs. 6.17a and 6.17b.
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Fig. 6.17 Case 7 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ

A μ of 0.10, 0.11 and 0.18 were applied in the simulation on 0.3_Case7_FA, as
shown in Fig. 6.17. For μ = 0.18 F(max.sim.) is 451 N (0.3_Case7a_FA). In this case the
measured punch force F(max.exp.) = 565 N (Code E7) was 25.3 % lower. The punch
force from the simulation and experiment are shown in Fig. 6.17c.

Fig. 6.18 Case 8 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ
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The simulation with an RD = 1.4 and RP = 2.5 mm are shown in Figs. 6.18a and
6.18b.
In Fig. 6.18, the μ = 0.18 brings a closer agreement to the measurement. There
was almost no difference in the force for μ = 0.10 and 0.11. The maximum punch
force, F(max.exp.) = 536 N (Code E8) was 16.6 % higher than F(max.sim.). The effects of
μ, RP, RD parameters in a deep drawing process are shown in Table 6.5.

Table 6.5 Effect of μ, RP, RD parameters in a deep drawing process for TB = 300 µm to
the punch force
No.
1
2
3
4
5
6
7
8

Parameter

Dimension (mm)
Case5

Case6

Case7

Case8

Diameter of blank (DB)

14

14

14

14

15

15

15

15

Corner radius of punch (RP)

1.2

1.2

2.5

2.5

1.2

1.2

2.5

2.5

Corner radius of die (RD)
Friction coefficient (µ)
Fmax. simulation, N
Fmax. experiment, N
Ratio of Fmax. exp./sim.

1.2

1.4

1.2

1.4

1.2

1.4

1.2

1.4

0.18

0.20

0.18

0.18

0.18

0.30

0.18

0.18

380

380

371

358

460

534

451

447

506

416

474

420

597

571

565

536

1.3

1.1

1.3

1.2

1.3

1.1

1.3

1.2

E1

E2

E3

E4

E5

E6

E7

E8

Sample code

Case1 Case2 Case3 Case4

All measured punch forces were higher than the simulation results due to wrinkles
on the wall of the cup. The punch needed more force to press out the wrinkles while
forming a full cup. In the simulation it was assumed that the blank material was
isotropic and the wall thickening due to wrinkles was ignored.
A comparison of the wall thickness from the simulation and measurements for an
initial TB of 300 µm from the centre point at the bottom of the cup to the edge is
shown as Fig. 6.19.

150

Chapter 6 Simulation of deep drawing processes

Fig. 6.19 (a) Cup thickness locations, and (b) thickness distribution from simulation
and experiment

It can be seen that the wall of the simulated cup was thicker than those measured
from the bottom, but they agreed with those on the wall. The maximum wall
thickness of 394 µm was compared to the measured value of 377 µm. Both these
results were higher than the edge thickness of 326 µm that resulted from a bulged
punch.
At the corner radius located between 3 and 5 mm from the axis of the cup, there
was a difference in the thickness of the wall. The simulation and experiment show a
reduction in thickness in the wall, and while a bulged punch resulted in a thicker
wall, there was less chance of the cup tearing at the corner radius than when a normal
punch was used.

6.4.2 Simulation for deep drawing with FA blank materials with TB=130 µm
In this section a simulation were carried out for a 130 µm thick blank. The
geometrical and physical parameters are shown in Table 6.6. The simulated results
are shown in Figs. 6.20a and 6.20b. Around the edge of the cup there was a wrinkled
and partly distorted edge at element 82140, as shown in Fig. 6.20a. The difference
between the measured punch force and the simulated results was due to an
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excessively large plastic strain at the edge of the cup, and the FEM model with
simple elements and mesh size could not simulate the real case. The choices of
element and mesh size were moderated by the significant computational time
required for each case.
A μ of 0.10 and 0.15 were used in the simulation on 0.13_Case1_FA, and the
results are shown in Fig. 6.20c. For a μ = 0.15, the maximum punch force F(max.sim.) of
351 N (0.13_Case9_FA) was 20.2 % lower than the measured force. In Fig. 6.20c it
appears that the curve with μ = 0.10 does not form a smooth curve, which probably
indicates there was a wrinkle on the wall of the cup. There was also a wrinkle in a
simulation with LS-DYNA on an Aluminium alloy foils that were 0.15 and 0.10 mm
thick, respectively [10].

Table 6.6 Geometrical and physical parameters for AA1235 material in FA-condition
No.

Geometrical parameter

1
2
3
4
5
6
7

Thickness of blank (TB)
Diameter of blank (DB)
Diameter of die (DD)
Diameter of punch (DP)
Punch Corner radius (RP)
Die corner radius (RD)
Radial clearance,
cl=(DD-DP)-2TB

8

Sample code
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Dimension
(mm)
130
14
8.35
7.93
1.2
1.2
0.21

Physical parameter

Value

, kg/m3


Punch speed, mm/s
µ
Fmax. simulations, N

2700
80
74.18
0.3
100
0.10, 0.15
146, 351

FA-130

Fmax. experiment, N

440

E, GPa
YS, MPa
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Fig. 6.20 Von Mises stress in AA1235 with FA-conditions for TB = 130 µm and DB = 14
mm (0.13_Case1_FA)

6.4.3 Effect of the stress, strain, and coefficient of friction on the wrinkles
The formation of wrinkles is correlated to the stress, strain, and µ as shown in
Table 6.7. The parameters used were DB of 14 and 15 mm, RP and RD of 1.2 mm,
and µ of 0.1
Table 6.7 Effects of stress and strain against the formation of cup wrinkles in a deep
drawing process

Table 6.7 shows that all the cups that were 300 µm thick did not have wrinkles in
the wall, but when the thicknesses of 150, 130, and 70 µm were used, wrinkles
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formed on all the walls because the cups experienced a strain greater than 0.7. A
more detailed observation of the 150 µm thick blank (case of Microforming_.15) is
shown in Fig. 6.21. A strain of 0.27 was obtained where the wrinkles began in Fig.
6.21. The lowest strain on the wrinkles area was 0.39 and the highest was 0.90.

Fig. 6.21 Wrinkles occur in the cup wall on a blank thickness of 150 µm (case of
Microforming_.15)

Fig. 6.22 Wrinkles occur in the cup wall on a blank thickness of 130 µm (case of
0.13_Case9_FA)

Wrinkles on 130 µm thick blanks (case of 0.13_Case9_FA) are shown in Fig.
6.22.
The mid-wall position where the wrinkles began had a strain of 0.45. The lowest
strain on the wrinkles area was 0.61 and the highest was 1.10. A wrinkle on the 70
µm thick blanks (case of 0.07_Case2_FA) is shown in Fig. 6.23. The range of strain
was 0.65-0.96.
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Fig. 6.23 Wrinkles occur in the cup wall, on a blank thickness of 70 µm (case of
0.07_Case2_FA)

Blanks that were 130 and 150 µm thick experienced wrinkles on the edge of the
cup, but blank that were 70 µm thick experienced wrinkles over the entire wall.
There was no observed relationship between μ and stress, but at the highest μ of
0.18, as shown in Table 6.7 for the case (0.3_Case18_ARBSR), the maximum stress
was 132.64 MPa. The highest stress of 169 MPa was achieved by a μ of 0.1, as in the
case (0.07_Case2_FA). At a minimum strain of about 0.4, wrinkles began to occur
on a wall of a blank that was 150 µm thick, with a clearance of 0.46 mm (case of
Microforming_.15); at a minimum strain of about 0.6, wrinkles begin to occur on a
wall of a blank that was 130 µm thick, with a clearance of 0.16 mm (case of
0.13_Case9_FA); and at a minimum strain of about 0.65, wrinkles occurred on a wall
of a blank 70 µm thick, with a clearance of 0.13 mm (case of 0.07_Case2_FA). The
wrinkles were caused not only by the minimum strains but also by the given
clearance value.
The degree to which selected parameters affected the behaviour of the circular cup
drawing for AA6061 material was influenced by an RD of approximately 67 %, a
BHF of approximately 29 %, and an RP of about 9 % [190].
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Seven parameters were considered for deep drawing steel (CR1) with blank size
(DB) of ø72.28 mm and thickness of 0.9 mm. They were the punch corner radius, the
die corner radius, the BHP, the punch force, punch speed, type of lubricant, and the
lubrication positions of both sides, from the side of the die and punch. The optimal
level of deep drawing on AA6061 was achieved by a punch corner radius of 4 mm, a
die corner radius of 6 mm, a BHF of 80 kN, Poly Ethylene (PE) lubricants and
lubrication positions of both sides of the blank [190].
The BHP was strongly influenced by the thickness of the blank and µ, such that
the wrinkle problem can be improved as the thickness of the blank is reduced. The
LDR can be reduced when the blank thickness is reduced, but when a blank is very
thin, the LDR is strongly influenced by µ [117].

6.5 Deep drawing simulation with ARB and subsequent SR blank materials
6.5.1 Deep drawing simulation with ARBSR materials with TB=300 µm
The geometrical and physical parameters of deep drawing for AA1235 material
processed by accumulated roll bonding followed by stress relieving (ARBSR) is
shown in Table 6.8.
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Table 6.8 Geometrical and physical parameters of a deep drawing process for AA1235
blank material in the ARBSR condition and TB = 300 µm
No.
1
2
3

Geometrical
parameter
DB
RP
RD
Physical parameter

4

µ

5

Fmax. simulation, N

Dimension (mm)
Case10

Case11 Case12 Case13 Case14 Case15 Case16 Case17

14

14

14

14

15

15

15

15

1.2

1.2

2.5

2.5

1.2

1.2

2.5

2.5

1.2

1.4

1.2

1.4

1.2

1.4

1.2

1.4

0.10,
0.18

0.10,
0.18

0.10,
0.18

0.10,
0.18

0.10,
0.18

0.10,
0.18

452,
498

456,
502

439,
484

550,
615

536,
611

530,
572

0.10,
0.18,
0.30
474,
517,
625
560

0.10,
0.18,
0.30
550,
625,
722
803

6
Fmax. experiment, N
Sample code
G52
G11
7
Note: DD = 8.35 mm, DP = 7.54 mm, cl=(DD-DP)-2TB = 0.16 mm,  = 2700 kg/m3,
E = 80 GPa, YS = 104 MPa,  = 0.3, Vpunch = 100 mm/s.

6.5.1.1 Deep drawing simulation of ARBSR-materials with TB=300µm, DB=14mm
A simulation for AA1235 material on ARBSR condition with an RD and RP of
1.2 mm. The simulation results are shown in Figs. 6.24a and 6.24b.

Fig. 6.24 Case 10 (a) Von Mises stress, (b) contours of effective plastic strain, and (c)
simulated and experimental punch forces for different µ
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Fig. 6.24 shows the results obtained with a µ of 0.10 and 0.18. Where μ = 0.18 the
maximum punch force F(max.sim.) was 517 N (0.3_Case18_ARBSR) which was 7.7 %
lower than the measured punch force of 560 N. The punch force from the simulation
and experiment are shown in Fig. 6.24c.
A simulation with RP of 1.2 and RD of 1.4 mm is shown in Figs. 6.25a and 6.25b.

Fig. 6.25 Case 11_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ

The simulation results for the 0.3_Case11_ARBSR with a μ of 0.10 and 0.18 are
shown in Fig. 6.25. Where μ = 0.10, the maximum punch force of 452 N for
Case11_ARBSR with RP = 1.2 and RD = 1.4 mm was lower than F(max.sim.) = 474 N
of Case10_ARBSR with RP and RD of 1.2 mm. As Fig. 6.25c shows, it appears that
by increasing the RD, the required maximum punch force was lower, and when an
RD of 1.2 was increased to 1.4 mm, the maximum punch force required was reduced
by 22 N or 4.6 %. For a higher friction μ = 0.18 for Case19_ARBSR the maximum
punch force, F(max.sim.) = 517 N was obtained.

158

Chapter 6 Simulation of deep drawing processes

A simulation was carried out for deep drawing with an RP of 2.5 and an RD of 1.2
mm. The simulation results are shown in Figs. 6.26a and 6.26b. The results for an
RD of 1.4 mm from Fig. 6.27 do not differ much from those from Fig. 6.26 with RD
of 1.2 mm. In Fig. 6.27 for Case13_ARBSR with RP = 2.5 and RD = 1.4 mm, a
maximum punch force F of 439 N was obtained with μ = 0.10, and 484 N for μ =
0.18, a 9.3 % increase.

Fig. 6.26 Case 12_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ

Fig. 6.27 Case 13_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ
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6.5.1.2 Deep drawing simulation with ARBSR materials, TB=300µm, DB=15mm
The simulation results for AA1235 material processed under ARBSR conditions
with an RP and RD of 1.2 mm are shown in Figs. 6.28a and 6.28b.

Fig. 6.28 Case 14_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ

When the μ changed from 0.10 to 0.18, the maximum punch force increased by 11
%, Fig. 6.28c. Where μ = 0.30 in Case22a_ARBSR, the measured punch force was
10.1 % higher than the corresponding simulated value.
The simulation results for the respective RP and RD of 1.2 and 1.4 mm are shown
in Figs. 6.29a and 6.29b. The results of the stress, strain, and punch force differed
little from those in Fig. 6.29. The maximum punch force increased by 10.6 % when μ
changed from 0.10 to 0.18.
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Fig. 6.29 Case 15_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ

A simulation of deep drawing with AA1235 material on ARBSR condition used
an RP of 2.5 and an RD of 1.2 mm. The simulation results are shown in Figs. 6.30a
and 6.30b. The strain at the corner radius region was smaller with a larger RP of
2.5mm compared to an RD of 1.2 mm. With μ increased from 0.10 to 0.18, the
required maximum punch force was 12.3 % higher, as shown in Fig. 6.30.

Fig. 6.30 Case 16_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ
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Fig. 6.31 Case 17_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ

The simulation results for an RP of 2.5 and an RD of 1.4 mm are shown in Figs.
6.31a and 6.31b. The maximum punch force was only 7.3 % higher when μ increased
from 0.10 to 0.18, as shown in Fig. 6.31c.

6.5.2 Deep drawing simulation with ARBSR blank thickness of 130 µm
Simulations for AA1235 material in an ARBSR condition with 130 µm thick
blanks were carried out for two cases because the simulation showed wrinkles on the
edge of the cup. The geometrical and physical parameters for AA1235 material in an
ARBSR condition with a TB=130 µm are shown in Table 6.9.

162

Chapter 6 Simulation of deep drawing processes

Table 6.9 Geometrical and physical parameters for AA1235 in the ARBSR condition
and TB = 130 µm
No.
1
2
3
4
5
6
7
8

Geometrical
parameter
TB
DB
DD
DP
RP
RD
Radial clearance,
c=(DD-DP)-2TB
Sample code

Physical
parameter
, kg/m3

Values

Dimension
(mm)
130
14
8.35
7.93
1.2
1.2

YS, MPa

Punch speed, mm/s
µ

2700
80
74.18
0.3
100
0.10, 0.15

0.21

Fmax. simulations, N

146, 351

FA-130

Fmax. experiment, N

440

E, GPa

Figs. 6.32a and 6.32b show the simulation results carried out for deep drawing
with AA1235 material processed by ARB and stress relieved, with a DB of 14 and a
TB of 130 µm, while using an RD of 1.2 and an RP of 1.2 mm. When μ increased
from 0.10 to 0.15, the required maximum punch force increased by 7.3 %, as shown
in Fig. 6.32c, although there was little difference between the punch force curves.
Fig. 6.32c shows a change in the slope of the punch force curves at a punch stroke of
4 mm where wrinkles have begun to form on the walls of the cup.

Fig. 6.32 Case 8_ARBSR (a) Von Mises stress, (b) contours of effective plastic strain,
and (c) simulated and experimental punch forces for different µ
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6.6 Deep drawing simulation using a bulged punch with FA blank and TB = 300
µm

A model (20084 elements and 25337 nodes) was built to simulate deep drawing
using a bulged punch for AA1235 in a fully annealed condition, and with a DB of 14
mm, a TB of 300 µm, and an RD and RP of 1.2 and 1.4 mm, respectively. The
geometrical and physical parameters for simulating deep drawing are shown in Table
6.10. The results using a µ of 0.12 are shown in Figs. 6.33a and 6.33b.

Table 6.10 Geometrical and physical parameters of a deep drawing process using a
bulged punch for AA1235 blank in FA condition and TB = 300 µm
No.
1
2
3

Geometrical parameter
DB
RP
RD

Dimension (mm)
Curve4
14
1.2
1.4

Physical parameter
4
Friction coefficient, µ
0.10, 0.12, 0.14, 0.16, 0.18, 0.20
5
Fmax. simulation, N
1333 for µ=0.20
6
Fmax. experiment, N
1640
7
Sample code
R11
Note: DD = 8.35 mm, DP as Fig. 5.13 (Chapter 5), cl=(DD-DP)-2TB=0.005mm,
=2700 kg/m3, E= 0 GPa, YS=74.18 MPa, =0.3, Vpunch=100 mm/s.

Fig. 6.33 Case 0.3_Curve4_FA used a bulged punch with:(a) Von Mises stress, and

(b) contours of effective plastic strain
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A µ of 0.10, 0.12, 0.14, 0.16, 0.18, 0.20, and 0.30 were used for the
0.3_Curve4_FA simulation and the results are shown in Fig. 6.34. The corresponding
maximum punch force were Fmax.sim.(0.10) = 724 N; Fmax.sim.(0.12) = 859 N; Fmax.sim.(0.14)
= 978 N; Fmax.sim.(0.16) 1116 N; Fmax.sim.(0.18) = 1163 N; Fmax.sim.(0.20) = 1333 N, and
Fmax.sim.(0.30) = 1803 N. However in the experiment, the measured maximum punch
force was 1640 N, which was 9 % lower than the simulated value. This discrepancy
was due not only to friction, but also to radial pressure being applied to the wall
during the ironing stage.

Fig. 6.34 The coefficient of friction was tried at 0.10-0.30 for simulations on
0.3_Curve4_FA
6.7 Discussion
Simulations were performed for AA1235 material in fully annealed conditions, as
well as being processed by ARB and stress relieved at 200 oC for 8 hours. The
parameters in this simulation were the thickness and diameter of the blank, the corner
radius of the die and the punch, the coefficient of friction, and the yield strength. The
simulation results indicated that the thinner blank had more wrinkles on the wall, but

165

Chapter 6 Simulation of deep drawing processes

when the blanks were 300 µm thick, the resulting cups were good, without tears or
wrinkles.
The thinner the blank, the more chance there will be for wrinkles to occur in the
wall. A larger diameter blank results in a larger punch stroke and produces a deeper
cup. When the corner radius of the die and punch are larger, the punch force is
reduced, but with a higher coefficient of friction, the maximum punch force also
increased.
The coefficient of friction can be estimated by matching the drawing force with
the experiment results, but this is not easy because deep drawing is a fairly complex
process where various parts of a blank experience tension, compression, and bending
by the corner radius of the punch, and die corner radius, and the blank holder presses
onto the flange area. As the clearance between diameters of a punch and a die
increased, there is more chance of wrinkles forming on the wall. Simulation models
have been validated by a good agreement between the simulation and experimental
results, but in the simulation the influence of the anisotropy of a material was not
considered.
The thickness of the cup wall shows that a normal punch produced a similar shape
between the simulation and experimental results, but when these results are
compared to those where a bulged punch were used, there were two differences.
With a normal punch, the corner radius becomes thinner, whereas with a bulged
punch the wall becomes thicker. Second, when a normal punch was used, the edge of
the cup experienced maximal thickening of the simulation and experiment results,
but when a bulged punch was used, the edge of the cup was closer to the initial
thickness of the blank. This is an advantage of the thickness distribution with a
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bulged punch, moreover, evidence has shown that deep drawing with a bulged punch
can prevent the formation of wrinkles and reduce earing.
It has been proven that the forming limit in deep drawing can be improved and the
occurrence of defects can be prevented by using a flexible powder cavity as a
substitute for a die [191], and an ARB process followed by stress relieving can also
increase the formability and lower earing on AA1235 material.
The corner radius of the punch was identified as an important factor in improving
the formability of deep drawing a cylindrical cup [192], such that a smaller corner
radius will facilitate tearing in this area during deep drawing. A maximum thinning
of the wall and minimum punch corner radius was taken criteria for evaluating
formability [173], and therefore formability is limited by the critical thickness on the
corner radius without causing a cup to tear.
The forming limit of a cup-shaped box was increased in height by a larger die
corner radius and punch corner radius [193], therefore the height of the cup-shaped
box can be increased by increasing the corner radius of a die and/or punch.
When the radius of a die corner was increased for deep drawing AA1100 material,
the strain limit also increased [194]. The extent of the behaviour of cup drawing for
AA6061 material influenced by the die corner radius was estimated to be 65 %, the
BHP was 27 %, and the punch corner radius was 8 % [190].
There were seven factors involved when deep drawing a steel blank with a
diameter of ø72.28 mm and thickness of 0.9 mm. Those factors were (i) the punch
corner radius, (ii) the die corner radius, (iii) the BHP, (iv) the punch force, (v) punch
speed, (vi) type of lubricant, (vii) lubrication positions of both sides, and from the
side of the die and punch. The optimal conditions for deep drawing were achieved by
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a 4 mm punch corner radius, a 6 mm die corner radius, a BHF of 80 kN, PE
lubricants, and lubrication positions of both sides of the blank [195].
Wrinkles that occurred while deep drawing metal increased rapidly when the
thickness of the blank decreased. The BHP was strongly influenced by the thickness
of the blank and the coefficient of friction, and the LDR decreased when the
thickness was reduced, and it decreased rapidly [117]. When the blank was very thin
the LDR was strongly influenced by the coefficient of friction.

Fig. 6.35 Von Mises stress and plastic strain on AA1235 with FA-conditions for TB =
300 μm, and DB = 14 mm (a) normal punch and (b) bulged punch

The maximum stress for a normal punch and a bulged punch were quite different;
the maximum stress on the corner radius of a normal punch was 69 MPa (Fig. 6.35a)
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compared to 63 MPa for the bulged punch (Fig 6.35b). This means that the stress
experienced by the cup being formed by a bulged punch was lower, so the possibility
of tearing was also lower. The edge of a cup for a normal punch showed an average
Von Mises stress of 85 MPa (Fig. 6.35a), and only 55 MPa (Fig. 6.35b) for a bulged
punch. This means that the Von Mises stress experienced by the cup being formed by
a bulged punch was lower, and the edge of the cup was not becoming thicker at the
end of the punching stroke. A normal punch always resulted in the edge of the cup
being thicker. Plastic strain on the edge of the when a bulged punch was used was
higher (0.62) than for a normal punch (0.58) which means the edge experienced more
deformation with a bulged punch than a normal punch.

Fig. 6.36 A comparison of the distribution of the cup wall thickness of the experiment
and the simulation results for the use of normal punch and bulged punch

A comparison of the thickness of the wall of the cup between the experiment and
simulation is shown in Fig. 6.36. The thickness of the cup from the experiment was
obtained from AA1235 material in an FA condition, with a TB of 300 µm, and a DB
of 14 mm, and when a normal punch (Exp.FA_20_NP) and a bulged punch was used
(Exp.R11_BP). A simulation with a normal punch (Sim.0.3_Case1_FA_NP) and a
bulged punch (Sim.0.3_Curve4_FA_BP) was carried out.
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The thickness near the radius of the cup corner using a normal punch was 261 μm
and 323 μm using a bulged punch; this indicated a significant thickening of 62 μm
(23.8 %). Thickening in this region is an advantage because it can reduce the
possibility of tearing which is common here. The thickness at the edge of the cup
using a normal punch was 377 μm and 326 μm with a bulged punch; this indicated a
significant reduction in thickness of 51 μm (13.5 %), which would help the cup to
eject from the punch and die.
The reduction in thickness at the edge of the cup is also an advantage because it
was always thicker when a normal punch was used; both of these advantages can be
obtained with a bulged punch, and it can reduce earing on the edge.
Thus the simulation model in this chapter demonstrated that it can be used to:
(a) estimate the drawing force,
(b) predict the occurrence of wrinkles,
(c) check the clearance between the die and punch diameters for a given blank
thickness, and
(d) complete a stress/strain analysis of the whole cup which can predict the
maximum allowable stress that will cause a cup to tear during deep drawing.

6.8 Summary
The simulation showed that the thinner the blank, the more chance there will be of
wrinkles forming on a thin wall. When 300 µm blanks were used, all the cups had no
tears or wrinkles. When a larger corner radius for the die and punch were used, the
punching force was reduced, but it increased with a higher coefficient of friction.
Different coefficients of friction were used in the simulation to estimate the
average coefficient of friction by matching them with the experimental drawing
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force. When a larger clearance (gap between the punch and die diameters) was given,
the chance of a wrinkle in the cup wall increased. A simulation model was validated
after several parameters from the simulation and experiment showed qualitative and
quantitative agreements. The thickness of the cup walls showed that a normal punch
produced similar results between the simulation and the experiment.
When a bulged punch was used for annealed AA1235 compared to a normal
punch there were four improvements:
(a) The wrinkles on the wall of the cup can be prevented,
(b) The earing on the edge of the cup can be reduced,
(c) The thickness of the wall at the punch corner radius was increased, and
(d) The edge of the cup was close to the initial thickness of the blank.
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Chapter 7 Conclusions and recommendations

7.1 Conclusions

7.1.1 Experiment
The objectives in Chapter 1 have been fully achieved as conclusions for the
experimental results of AA1235 for thicknesses of 130 µm to 300 µm are as follows:
1) Equations of the flow stress of AA1235 related to grain size and the thickness of
the specimen were obtained to account for the effect of size. The tensile strength
of annealed AA1235 increased as the specimen increased in thickness from 16
µm to 70 µm, but the tensile strength decreased as the specimen decreased in
thickness from 70 µm to 300 µm. The width of the specimen did not
significantly affect the tensile strength.
2) A reduction of 63 % in the thickness of AA1235 in the ARB process, whose
initial thickness was 300 µm, provided a good interface bonding suitable for
micro deep drawing. An asymmetric rolling (AR) process produced a finer grain
diameter than ARB symmetric rolling, and AR improved the surface quality of
material produced by the ARB process. The different in the speed ratio affected
the tensile strength, strain, and grain size.
3) For AA1235 300 µm thick, that was produced by a combination of ARB and
stress relieving at 200oC for 8 hours, the following improvements were
observed:
(a) The strength increased by 14 % and grain refinement by 93 %.
(b) Normal anisotropy (Ravg) increased by 1.9 %.
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(c) The LDR, an indicator of cup formability, can be increased by 6.5 % from
1.87 to 2.00.
(d) The planar anisotropy (R) decreased by 96 % from 0.556 to -0.022, which
reduced earing in the edge of the cup.
4) A safe region for micro deep drawing has been mapped out, based on the
forming limit diagram (FLD). This is the area above the wrinkled area and
below the fracture limit line.
5) The occurrence of wrinkles increased as the thickness of the blank decreased.
The bulged-punch can remove wrinkles by ironing in the latter part of the stroke
by applying an internal radial pressure on the cup wall (negative clearance or
interference) just before wrinkles begin to occur. This proposed bulged punch
can produce a good cup without wrinkles, which is not possible with a normal
punch. Other benefits of the new method compared to a normal punch are, (i)
thickening of the cup corner radius which reduces tearing at the corner, (ii)
thinning of the cup edge which makes it easier to eject the part, and (iii) reduced
earing.
6) Earing can be reduced by stress relieving the blank material prior to deep
drawing. Under annealed conditions, using the bulged punch on the 300 µm
thick blank may decrease earing on the cup, but the force on the bulged punch
was 181 % higher than on a normal punch, due to a combination of drawing and
ironing processes.
7) The thickness at a corner radius of the cup region became thinner with a normal
punch, but it thickened when a bulged punch was used. The edge of the cup
became thicker when a normal punch was used, but it decreased almost to the
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thickness of the blank when the bulged punch was used. The 13.5 % iron
reduction in the thickness of the edge of the cup when the bulged punch was
used was quite significant because it helped to eject the cup from the punch and
die.

7.1.2 Simulation
Conclusions drawn from the simulation results are as follows:
1) A fully validated simulation model with a range of five parameters
demonstrated: (i) the corner radius of the die, (ii) the corner radius of the punch,
(iii) the coefficient of friction, (iv) the clearance between the die and the punch
diameters, and (v) the diameter of the blank. The results of the simulation agreed
well with the experiment. The wall thickness distribution of the cup after a
normal punch was used in the experiment agreed with the simulation results.
2) The coefficient of friction in the micro deep drawing process can be estimated
by matching the drawing force between the theories and the experiment; they
ranged between 0.18 and 0.23. A higher coefficient of friction will increase the
maximum punch force.
3) For an annealed blank of AA1235 at 300 µm thick, all the resulting cups were
perfect, without tears or wrinkles, however, at a thickness of 150 µm or thinner,
the wall of a cup showed a greater tendency towards wrinkling. A larger corner
radius of the die or punch will reduce the punch force, and more clearance
between the punch and die increases the chance of a wrinkle in the cup wall.
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7.2 Recommendations
Suggestions for improving the research results are as follows:
1) Further refine the bulged punch for foil thinner than 130 µm to avoid wrinkles in
the cup wall, tears in the corner, and reduce earing at the edge of the cup.
2) Incorporate anisotropy when simulating the deep drawing process to quantify the
effects of relevant parameters on earing at the edge of the cup.
3) Use a die with a smaller diameter (i.e. < 7 mm), and a thinner blank (i.e. <70
µm).
4) Implementing asymmetric rolling is recommended to produce a better product,
by changing the rolling direction of the strip by 180o to the direction between
asymmetric rolling cycles.
5) In accordance with predicting the occurrence of tearing, the data for a forming
limit diagram (FLD) should be used when simulating micro deep drawing.
6) The effect of size related to the ratio of the thickness of a blank to its average
grain size for micro deep drawing a cup needs to be simulated.

7.3 Thesis contributions
The thesis contributions to the body of existing knowledge are as follow:

1) The flow stress of fully annealed AA1235 increased when the thickness was
reduced from 300 to 71 µm and decreased sharply when the thickness was
reduced further to 16 µm. These thicknesses were still in the micro forming
region (< 300 µm),
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2) Good cups without wrinkles and low earing can be produced with a normal
punch and the materials pre-processed from 4 cycles ARB and then subsequently
stress relieved at 200oC for 8 hours,
3) The bulged punch can produce good cups with the following features: without
wrinkles, reduced earing, thicker cup wall at the punch corner radius, and thinner
cup wall at the top edge of cup, and
4) The simulated results compared well with the experiment. It can be used to
optimize the design of pair of the punch and the die through the calculated stress
and strain to produce a good cup.
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Appendix: Simulation and experimental results of deep drawing for AA1235 material

Appendix: Simulation and experimental results of deep drawing for AA1235 material
with FA-ARBSR treatments for the thicknesses of 300, 130 and 70 µm
Note:
1) The Appendix was separated as a different file, due to they have larger size as A3 rather than
standard size of A4 for this thesis).
2) The Appendix has 62 files of simulation results in 17 pages.
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